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Summary
Many factors including exercise and metabolic hormones regulate bone homeostasis and maintain bone sufficiently strong for everyday activity protecting against falls and factures. However, with age effectiveness of the skeletal system to withstand habitual loads without fractures or accumulating microdamage declines, and injuries become frequent. Therefore, it is hard for elderly adults and those with bone wasting disorders to exercise with sufficient intensity to influence bone strength. It is known, that concentrations of gastro-entero-pancreatic hormones change before and after eating and many have potent regulatory effects on bone. We hypothesised that the timing of food ingestion affects bones’ response to mechanical loading.

Using a well-established tibial axial loading model, we performed experiments to determine osteogenic effects of mechanical loading that mimics exercise after different periods of withholding food or feeding in young adult and aged mice. Here we show that food ingestion for 2 hours, but not 1 hour or 3 hours, following overnight (16-hour) fast potentiated bones’ adaptive response to osteogenic mechanical loading in young, but not aged mice. Furthermore, we found that changing timing of feeding can turn an ineffective loading stimulus that does not normally cause bone formation, into an effective one. Concentrations of metabolic hormones, with known regulatory effects on bone including ghrelin, leptin, insulin, GIP and GLP1 changed during fed and fasted 2-hour fed states in young and aged mice, however, there were age-related differences in hormone secretion. 

Our findings indicate associations between the timing of feeding and bone adaptation. These findings have potential for translation into benefits for people by providing information on when to exercise in relation to meals, which may help to build and maintain healthy musculoskeletal system throughout the life-course. 
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Musculoskeletal disorders are the second most common causes of disability worldwide and are estimated to have increased by 45% in the past decade, in particular, bone disorders and continue to increase with sedentary lifestyle and ageing population (Storheim and Zwart, 2014). Osteoporotic fractures belong to one of the main causes of disability and major medical care costs in the world (NIH/ORBD, 2018). Worldwide, osteoporosis causes more than 8.9 million fractures annually (Johnell and Kanis, 2006, IOF, 2018). Although many mechanisms have been proposed to be involved in osteoporosis and age-related bone loss, evidently there is no single pathway that regulates bone loss with ageing and, therefore, there is no single treatment available to prevent its occurrence. 

As the skeleton ages, the imbalance between bone formation and resorption results in net bone loss both in men and women (Parfitt, 1984, Chavassieux and Meunier, 2001). The imbalance can be dramatic, leading to systemic skeletal disorder osteoporosis. Osteoporosis is characterised by low bone mass and microarchitectural deterioration of bone tissue with an increase in bone fragility and predisposition to fractures. The bone loss can start when peak bone mass is attained and increase in women during the menopause due to low oestrogen levels (Lanyon and Skerry, 2001, Bouxsein et al., 2010). 

Bone is a dynamic tissue, and many factors including exercise and metabolic hormones regulate bone homeostasis. Bone mass and microarchitecture are maintained at the level that make bones sufficiently strong to withstand habitual loading and protect against falls and fractures (Currey, 1984, Skerry, 1999, Skerry, 2008). A balanced diet rich in calcium and vitamin D is important for healthy bones providing building blocks for bone tissue (IOF, 2018). Therefore, physical activity and nutrition make essential components of osteoporosis prevention and treatment program. 
The main aim of this PhD is to examine the effect of timing of feeding on known responses to mechanical loading, which mimics exercise in bone with a long-term aim of informing lifestyle changes for prevention and treatment of age-related bone loss in elderly adults. The introduction to this thesis will provide a brief overview about the effects of ageing on the skeleton. It will describe the basic concepts of bone biology, review the known effects of exercise/mechanical loading on bone adaptation in humans and model organisms followed by the systemic regulation of bone homeostasis, before stating the hypothesis and the aims of the project. 
[bookmark: _Toc383723842]1.1 Ageing and the human skeleton
[bookmark: _Toc383723843]1.1.1 Anatomy and physiology of the skeleton
The major function of the skeleton is to provide protection and mechanical support for vital internal organs that are essential for the maintenance of life. The skeleton provides support structure through which mechanical forces generated by muscular contractions are transmitted assisting with locomotion, respiration and reproduction. The skeleton is the main reservoir of calcium and phosphorus and is involved in homeostatic regulation of these minerals. The marrow cavities of the bone inside the cortex provide sites for haematopoiesis to occur (Martin et al., 1989, Jee, 2000, Frost, 2003). 

Bone is a major endocrine organ; it is a source of endocrine hormones and growth factors including fibroblast growth factor 23 (FGF23), osteocalcin and sclerostin (Quarles, 2003, Crockett et al., 2011, Karsenty and Ferron, 2012, Wein et al., 2016). The most abundant cells within bone matrix osteocytes and bone-forming cells osteoblasts secrete FGF23 (Quarles, 2012, De Paula and Rosen, 2013). FGF23 is an essential component of the endocrine feedback loop between bone and kidney; it directly reduces renal reabsorption of phosphate in response to hyperphosphataemia provoking urinary loss of phosphorus and indirectly suppresses 1,25-dihydroxyvitamin D production down-regulating intestinal calcium and phosphorus absorption (Bergwitz and Jüppner, 2010). The calciotropic hormone 1,25-(OH)2D for the stimulation of calcium and phosphorus absorption, triggers lipogenesis in the adipose tissue as depicted in Figure 1. 
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[bookmark: _Toc383544592]Figure 1 Bone and energy metabolism feedback loop
Increased serum phosphate leads to increased secretion of FGF-23 by the bone. Adipocyte-derived peptide leptin, which is involved in regulation of the energy expenditure, also stimulates endocrine production of FGF-23 by osteocytes. FGF-23 directly acts on the kidney inciting urinary loss of phosphorus and decreases synthesis of 1,25-(OH)2D which in turn stimulates lipogenesis in the adipose tissue for calcium and phosphorus absorption.
Image reproduced with permission from (De Paula and Rosen, 2013) 


Osteocalcin (bone gamma-carboxyglutamic acid-containing protein, BGLAP) is a osteoblast-derived multifunctional hormone, which appears to induce insulin secretion by promoting β-cell proliferation, increase insulin sensitivity in muscle, liver and adipose tissue and energy expenditure by muscle (Figure 2) (Lee et al., 2007, Booth et al., 2012). A study of osteocalcin gene deficient mice revealed that osteocalcin promotes fertility in male mice by regulating testosterone production in the Leydig cells of testis (Karsenty, 2011, Oury et al., 2011).
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[bookmark: _Toc383544593]Figure 2 The effects of bone-derived multifunctional hormone osteocalcin
Osteocalcin stimulates pancreatic β-cell proliferation and insulin secretion, increases insulin sensitivity in muscle, liver and adipose tissue and energy expenditure in muscle. It regulates male fertility and stimulates testosterone synthesis by Leydig cells of the testis. 
	
 
At the macrostructure level of its hierarchical structural organisation, bone is composed of two major components cortical and trabecular bone, Figure 3 (Rho et al., 1998). In an adult human skeleton 80% of the total bone mass consists of the cortical bone, whereas the remaining 20% accounts for the trabecular or cancellous bone. The cortical bone creates the outer shell of the bone and is mechanically strong due to its compact structure and thickness, varying between 1 and 5mm in an adult human (Wehrli, 2007). The trabecular bone, located at the ends of long bones and encased in cortical bone, is composed of a network of interconnected plates and struts with thickness varying from 100 to 150m. It has an open honeycomb structure where cavities consisting of bone marrow, fat, blood vessels and sites for haematopoiesis are interspersed. Trabecular bone gives a supporting strength to the ends of weight bearing long bones without adding greatly to the mass of the bone (Rho et al., 1998, Wehrli, 2007). 
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[bookmark: _Toc383544594]Figure 3 3D reconstructed images of a mouse tibia micro-computed tomography (CT) scan demonstrating cortical and trabecular bone compartments
[bookmark: _Toc290513119]


At the microstructure level, in humans and larger animals the cortical bone is comprised of numerous dense osteons or Haversian systems. These are cylinder like structural units, tubes of bones consisting of concentric uniform layers of lamellae with central Haversian canal, which contains bone’s vascular and neural supply as shown in Figure 4. It is important to distinguish Haversian systems, or secondary osteons, from the primary osteons seen in younger growing animals. Primary osteons are characterised by concentric lamellae of bone that do not interrupt the more linear lamellae, in appearance similar to knots in wood, as shown in the Figure 5. The secondary osteons, or Haversian systems, like the primary osteons, contain concentric lamellae, however, the concentric lamellae is cut through the pre-existing lamellae of the bone. The secondary osteons arise when group of osteoclasts, bone-resorbing cells, tunnel into the bone surface. Immediately behind the osteoclasts osteoblasts lay down new bone and gradually become lining cells covering the bone surface. Most of the osteoblasts become embedded within the new bone matrix as osteocytes (Skerry, 2006a).
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[bookmark: _Toc383544595]Figure 4 Schematic representation of bone microarchitecture
Image reproduced from U.S. National Cancer Institute's Surveillance, Epidemiology and End Results (SEER) Program (https://www.training.seer.cancer.gov/anatomy/skeletal/tissue.html accessed on 19 March 2018)
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[bookmark: _Toc383544596]Figure 5 Schematic representation of the primary osteons
Bone forming cells, the osteoblasts appose new bone on a rapidly expanding periosteal bone surface in young growing animals. The osteoblasts in periosteum form the osteoid matrix in an irregular way so that the front of formation advances unevenly. As a result, the gaps lined with osteoblasts are left in the new bone surface, which are filled in concentrically. Numbers show the order of lamellae deposition.
Image reproduced with permission from (Skerry, 2006a)


The mechanical properties of the bone depend on the organic matrix composed primarily around 90% from the type I collagen molecules, which are mineralised by the insertion of hydroxyapatite crystals Ca10(PO4)6(OH)2 into their structure (Glimcher, 1989, Grynpas and Omelon, 2007). Collagen provides flexibility/toughness to the bone structure and resistance to loading; the mineral crystals strengthen collagen fibres and serve as a source for calcium and phosphorus (Burstein et al., 1975). Collagen is secreted as triple helical structure consisting of two α1 chains and a single α2 chain, which then associate into fibrils and fibres (Viguet-Carrin et al., 2006). Post-translational modification of collagen fibrils includes formation of the covalent cross-links, which have major impact on the strength of collagen fibres (Saito and Marumo, 2010). 
At the sub-microstructure level two types of bone woven and lamellar can be identified. The woven bone is characterized with random orientation of collagen fibres, which is mechanically weak, but is often formed quickly as a temporary structure (Matsuzaki et al., 2007){Mosekilde, 2000 #113}. In contrast, lamellar bone has regular parallel alignment of collagen fibres forming uniform concentric sheets of lamellae (osteons), which are mechanically stronger than woven bone (Martinez et al., 2010). The relative composition of bone varies depending on health, disease, tissue site and age. The integrity of collagen network, bone mineral density and associated bone strength decline with ageing (Louis et al., 1995, Wang et al., 2002).
[bookmark: _Toc383723844]1.1.2 Bone cells and remodelling
Bone is a dynamic tissue and its deposition, maintenance and repair are the result of coordinated cellular processes. In humans and animals during normal skeletal growth, generation and maintenance of bone shape and size depend on the bone modelling. During this process, bone is formed at sites that have not undergone prior resorption resulting in an increase of bone mass, change in the bone shape and architecture. In an adult skeleton coordinated actions of bone cells remove and replace the bone by process called bone remodelling or bone turnover, which is important for maintaining bone homeostasis and prevents the accumulation of microdamage over the time. It is estimated that bone remodelling replaces around 5-10% of the skeleton every year (Manolagas, 2000, Hadjidakis and Androulakis, 2006). During this process, old and damaged bone is resorbed by multinucleated cells (osteoclasts) followed by the intermediate reversal phase, in which osteoclastic resorption ceases and osteoblasts are recruited, and finally formation, where new bone is formed by osteoblasts, Figure 6 (Tran Van et al., 1982). The osteoclasts and osteoblasts clustered to form basic multicellular units (BMU), which with a wide range of cell types and control mechanisms contribute to coupling bone resorption and formation activities (Eriksen, 2010, Sims and Martin, 2014).
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[bookmark: _Toc383544597]Figure 6 Schematic representation of bone remodelling
Bone is dynamic tissue and undergoes continuous remodelling process to maintain skeletal strength and integrity. Microdamage or mechanical stress stimulate the recruitment, proliferation, differentiation and activation of haematopoietic stem cell (HSC)-derived osteoclasts that resorb the bone followed by the intermediate reversal phase where osteoclasts die by apoptosis and macrophage-like cells are found in the remodelling site, and formation, where bone is replaced with unmineralised matrix osteoid secreted by mesenchymal stem cell (MSC)-derived osteoblasts, which becomes mineralised to generate new bone. Osteocytes embedded in the bone are terminally differentiated osteoblasts, which sense and signal the mechanical strain. Bone lining cells are osteoblastic in origin and form a conduit to communicate with osteocytes.
Image reproduced with permission from (Weilbaecher et al., 2011).


Osteocytes are the most abundant cell types of all bone cells that orchestrate bone remodelling through regulating activities of both osteoclasts and osteoblasts (Skerry et al., 1989, Bonewald, 2011, Atkins and Findlay, 2012). Osteocytes are terminally differentiated osteoblasts, which become embedded in bone matrix during bone formation and act as mechanosensory cells due to their location in bone and complex interconnected dendritic network (Skerry et al., 1989, Noble and Reeve, 2000, Pead et al., 2005). 
Extensive studies in the last decade provided novel insights of molecular biology and numerous functions of osteocytes including its endocrine role and ability to remodel the bone (Bélanger, 1969, Baylink and Wergedal, 1971). Osteocytes are source of sclerostin, bone morphogenic proteins (BMPs) and receptor activator of nucleic factor  (RANK) ligand (RANKL). RANKL binds to RANK, which is expressed on the osteoclast precursors promoting osteoclastogenesis and subsequent recruitment of osteoclasts to the bone remodelling sites, Figure 6 (Xiong et al., 2011, Atkins and Findlay, 2012). Osteocytes and osteoblasts can also produce osteoprotegerin (OPG), a decoy receptor for RANKL, that opposes its action in bone (Albers et al., 2013). Osteocytes also release other soluble factors that target muscles, kidney and other vital organs (Bonewald, 2010), possess receptors for parathyroid hormone (PTH) (Belanger and Robichon, 1964) and oestrogen (Noble and Reeve, 2000).

Osteoclasts are large cells derived from the fusion of mononuclear osteoclast precursors of haematopoietic lineage under control of RANKL and other mediators including cytokines. Osteoclasts are closely related to macrophages of the immune system (Boyce et al., 2009). The osteoclastogenesis involves activation of various adaptor proteins and transcription factors including nuclear factor  (NF-), activator protein 1 (AP-1), nuclear factor of activated T-cells cytoplasmic 1 (NFATc1) and expression of other essential osteoclast genes, which allow final differentiation and function of osteoclasts (Peet et al., 1999, Humphrey et al., 2005, Xiong et al., 2011).

In order to resorb the bone, osteoclasts attach to the bone surface with integrin αvβ3 and destruct the bone matrix. They form distinct membrane domains including the sealing zone, the ruffled border, the basolateral and the functional secretory domains (Väänänen et al., 2000). Osteoclasts then secrete lytic enzymes including proteases, cathepsin K and tartrate-resistant acid phosphatase (TRAP) on the bone surface and create acidic environment by secreting HCI to digest collagen, resorb hydroxyapatite and exhume resorption pits into the bone (Mulari et al., 2003, Ljusberg et al., 2005, Eriksen, 2010). Osteoclasts endocytose degraded matrix components and excrete by functional secretory domain (FSD), which is present on the basolateral membrane (Nesbitt and Horton, 1997). Other than bone resorption, osteoclasts may regulate the differentiation of osteoblast precursors, secrete cytokines and participate in immune responses (Boyce et al., 2009).

Osteoblasts are responsible for bone formation in modelling during development and bone remodelling in the adult throughout life. They originate from mesenchymal stem cells (MSCs), which also produce chondrocytes and adipocytes. The differentiation from MSCs into proliferating pre-osteoblasts and osteoblasts is achieved by the presence of key transcription factors including runt-related transcription factor 2 (Runx2) (Komori, 2010), osterix (Nakashima et al., 2002), lipoprotein receptor-related proteins 5 and 6 (LRP5 and LRP6) and activation of their downstream Wnt signalling pathways (Ducy et al., 1997, Westendorf et al., 2004, Crockett et al., 2011). 

Once osteoblasts have differentiated, they are able to generate new bone by secreting bone matrix followed by its mineralisation. Fully differentiated osteoblasts are characterised with co-expression of alkaline phosphatase and type I collagen; both essential for the synthesis of the bone matrix and subsequent mineratisation (Murshed et al., 2005). This process is regulated by Wnt antagonist sclerostin released from the osteocytes and various BMPs (Chen et al., 2004, Atkins and Findlay, 2012). At the end of lifespan some of the osteoblasts become incorporated into the bone matrix as osteocytes or become bone-lining cells. Some of the osteoblasts undergo apoptosis, Figure 6 (Jilka et al., 1998). Studies of developmental bone disorders and high bone mass diseases highlighted the importance of Wnt and BMP signalling pathways for the osteoblast differentiation and function (Cao and Chen, 2005, Day et al., 2005). BMP2 is used clinically to increase bone formation during fracture repair (Govender et al., 2002) as well as MSCs due to ease of isolation and differentiation potential (Abdallah and Kassem, 2009).	
[bookmark: _Toc383723845]1.1.3 The effect of age on the skeleton 
Ageing of the skeleton is characterised by decline in bone mass and strength. It is associated with bone loss from both cortical and trabecular compartments, increased risk of falls and susceptibility to fragility fractures (Figure 7).  The increased bone fragility is a characteristic feature of osteoporosis and one of the frequent causes of mortality in old age (Sambrook and Cooper, 2006). Therefore, understanding the mechanisms underlying age-related bone loss and osteoporosis is important for developing therapeutic and pharmacological interventions. 

It is well known that depletion of oestrogen in post-menopausal women is associated with high incidence of osteoporosis and rapid bone loss over the 4-8 years after the menopause (Riggs et al., 2002). Oestrogen has a protective role against bone loss by maintaining balance between the bone formation and resorption rates. On a cellular level, oestrogen decreases osteoclastogenesis and osteoclast activity and increases osteoclast apoptosis, thereby reducing bone resorption. Oestrogen also stimulates osteoblast differentiation and activity, ultimately increasing bone formation (Lanyon and Skerry, 2001, Lerner, 2006, Galea et al., 2013). Although depletion of oestrogen plays an essential role in developing post-menopausal osteoporosis, elderly men also develop primary osteoporosis as a result of age-related gradual and progressive bone loss (Lerner, 2006, Gielen et al., 2011). It is also known that bone loss may commence prior the onset of the menopause in early twenties when the peak bone mass is attained (Manolagas, 2010).
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[bookmark: _Toc383544598]Figure 7 Age-specific and sex-specific incidences of radiographic vertebral, hip and dorsal forearm fractures
Data originated from European Prospective Osteoporosis studies and General Practice Research database showing increased fracture rate of hip, vertebral and distal forearm with age. The incidences of fractures are shown to be higher in women than in men.
Image reproduced with permission from (Sambrook and Cooper, 2006)


The age-related bone loss manifests itself as thinning of cortical shell and trabecular struts, and loss of trabecular bone as seen in animal models and humans (Parfitt, 1984, Riggs et al., 2004, Willinghamm et al., 2010). Figure 8 shows age-related changes of vertebral trabecular bone in young adult and aged women. While age-related changes in bone morphology, mass and architecture are generally due to negative balance during bone remodelling process (Mosekilde, 2000, Seeman, 2003); it does not affect all the bones equally. The differences in bones including vertebral, femoral neck, radius and tibial bones depend on the strain experienced, activities of the bone cells and genetic predisposition to ageing, which have been previously reviewed (Boskey and Coleman, 2010, Chen et al., 2013).
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[bookmark: _Toc383544599]Figure 8 Scanning electron micrographs (SEMs) of the trabecular bone of the third lumbar (L3) vertebrae of healthy adult 30 years old (left) and osteoporotic 71 years old (right) females
Image reproduced from European Calcified Tissue Society (ECTS) Resource Centre produced by Tim Arnett, University College London


Decline in bone mineral density (BMD) measured using widely recognised dual-energy x-ray absorptiometry (DEXA) is one of the risk factors and marker of bone fracture susceptibility (Genant et al., 1991, Riggs et al., 2004). Although BMD is important predictor, various other age-related BMD-independent changes in bone quality also contribute to the increased fracture risk (Syed and Ng, 2010, Gabet and Bab, 2011). High resolution peripheral quantitative CT (HR-pQCT) and micro computed tomography (μCT) allow for detailed three-dimensional (3D) assessment of cortical and trabecular microstructures separately, which is an advantage over DEXA (Chen et al., 2012).

Age-related changes in number and function of the bone cells contribute to failure in the regulation of bone mass by remodelling. Like other cells, bone cells are subject to the Hayflick limit on the numbers of cell divisions before senescence emerges {Martin, 1989 #110}(Martin et al., 1970). Number and function of osteocytes and osteoblasts have been shown to decline with ageing in mice (Weinstein et al., 2010) and humans (Dunstan et al., 1993) leading to a reduced ability to sense and transduce bone microdamage and subsequent bone formation (Bonewald, 2011). Almost 50 years ago Harold Frost first noted that death of the osteocytes, inferred from the presence of empty lacunae in the rib cortical bone, increased with ageing and followed with changes referred as micropetrosis including hypermineralisation of perilacunar bone and filling of canaliculae with mineralized tissue, which increased bone fragility (Frost, 1960, Frost, 2000). Most of the osteocyte apoptosis may increase in response to a range of stimuli including systemic changes in hormone concentrations, oestrogen deficiency (Emerton et al., 2010), inflammatory factors {Xia, 2010 #397}(Bonewald, 2011), high dose glucocorticoids and chemotherapeutic agents (Weinstein et al., 2000), oxidative stress (Almeida et al., 2007a), reduced physical activity and mechanical unloading (Noble et al., 2003).

Age-related osteoblast dysfunction is one of the main reasons of bone loss both in men and women and is due to systemic changes of hormone concentrations and intrinsic mechanisms caused by cellular senescence, as previously reviewed (Kassem and Marie, 2011). With ageing, the number of bone marrow colony forming units (CFUs) decreases in rodents (Quarto et al., 1995, Stolzing and Scutt, 2006). The osteoblastic cell proliferation and differentiation from precursors is shown to be impaired with ageing (Roholl et al., 1994). Due to co-existence of bone and fat, adipocyte differentiation from the MSC may enhance with ageing leading to reduced osteoblastogenesis and consequent bone formation (Lanyon and Skerry, 2001, Rosen et al., 2009). Age-related decrease in bone mass is also associated with increased osteoblastic apoptosis due to enhanced oxidative stress, inflammatory cytokines, local paracrine and autocrine factors (Wnt, TGFβ) (Almeida et al., 2007a), telomere shortening, altered gene expression (Crabbe et al., 2007, Pignolo et al., 2008) and impaired DNA repair mechanisms (De Boer et al., 2002). 

Ageing leads to an increased rate in osteoclastic bone resorption, which is regulated by numerous factors including oestrogen, PTH, cytokines tumour necrosis factor alpha (TNFα) and interleukin 1 beta (IL-1β) (Li et al., 2000). In a human bone marrow stromal cells gene expression study, RANKL, the marker of osteoclast differentiation was increased in female, but not male patients with ageing (Jiang et al., 2008). Increase in osteoclast number was shown in the periosteum of aged female rats compared with that in juvenile and mature animals reflecting the age-related increase in bone resorption (Fan et al., 2008). Interestingly, in vitro studies revealed that older bone was resorbed preferentially by osteoclasts due to augmented osteoclastogenesis on aged compared to the young bone (Henriksen et al., 2007).
[bookmark: _Toc383723846]1.2 The response of bone to exercise/mechanical loading 
Physical activity plays an important role in maintaining a healthy skeleton throughout life course and preventing bone loss in elderly adults. However, the most effective types of activities, which are more likely to have beneficial effects, are not completely understood (Skerry, 1997, Ireland et al., 2014a, Tobias et al., 2014). Studies in master athletes and non-athletes suggested that regular high impact exercise was associated with higher BMD, cortical area and other geometrical bone parameters, thus, was effective to maintain bone strength throughout life (Bassey and Ramsdale, 1994, Wilks et al., 2009, Ireland et al., 2011). It is apparent that intensity and quantity of physical activities decline in elderly adults contributing to the increased risk of fragility fractures and osteoporosis (Feskanich et al., 2002, Moayyeri et al., 2010).
The beneficial effects of exercise on the skeleton are widely studied in tennis players showing elite sportsmen had increased bone mass in local areas of higher use, for instance the exercising racket arm compared with non-racket contralateral arm (Buskirk et al., 1956, Jones et al., 1977, Haapasalo et al., 2000, Ireland et al., 2013). Studies in elite atlets showed beneficial effects of different activities on the site-specific bone mass. Rugby players whose activities included running and strength training, had higher arm and leg BMD, while runners had the lowest arm BMD (Nevill et al., 2003). 

There are many factors influencing on exercise-induced bone adaptation including strong site-specific correlation between muscle size and bone adaptive response to an exercise (Ireland et al., 2013). Longitudinal studies in children reveaed that the early onset of independent walking in childhood and, therefore, early exposure to loading and muscular forces, may determine greater bone strength in later childhood and adulthood (Ireland et al., 2014b). In situations of reduced weight bearing, skeletal unloading and disuse, a reduction of bone mass is observed (Eser et al., 2004, Bass et al., 2005, Rittweger et al., 2005, Rittweger et al., 2006, Sherk et al., 2008, Mccarthy et al., 2011). For instance, in healthy adult astronauts free fall during space flight causes decrease in bone formation and increase in bone resorption (Carmeliet et al., 2001, Spector, 2009). 

Mechanical loading is a controllable intervention that can increase bone mass and architecture in structurally relevant locations. Mechanical loading increases bone formation and decreases bone resorption shifting the balance of bone remodelling in favour of bone formation (Hillam and Skerry, 1995, De Souza et al., 2005a). In contrast, disuse promotes osteoclastogenesis and suppresses osteoblast activity reducing the bone formation. The responses of bone to loading or disuse are complex, since the bone cells involved in sensing, communicating and responding to the changes in bone microenvironment and mechanical demands, are affected by numerous local and systemic influences (Skerry and Lanyon, 1995, Skerry, 2008, Lanyon et al., 2009). Further details of bone’s adaptive response to mechanical loading will be presented within relevant chapters of this thesis. 
[bookmark: _Toc383723847]1.2.1 The mechanostat 
The physiological link between exercise and bone was shown by findings on model organisms over 30 years ago that the skeleton is responsive to local mechanical strain[footnoteRef:1] (Rubin and Lanyon, 1984, Skerry, 2008). In 1960s Harold Frost first proposed the theory of the ‘mechanostat’, described as a homeostatic feedback mechanism, which maintains appropriate bone mass and architecture for habitual activity (Frost, 1987, Frost, 1996, Frost, 2003, Sugiyama et al., 2010). Bones in the skeleton require a specific strain magnitude for the maintenance. Small functional units of bone have their own target strain stimuli. These target strain stimuli need to be overcomed in order to induce bone formation and inhibit bone resorption, therefore strain stimulus varies in different parts of the skeleton, and there is not a single mechanostat in the skeleton (Skerry, 2006b, Hillam et al., 2015). Responses to loading are different between males and females, and these responses change due to various factors including age, nutrients, genetics, diseases and use of medications (Skerry, 1997, Skerry, 2006b, Wilks et al., 2009).  [1:  Unitless measure, ratio defined as a deformation of bone per unit length in response to loading] 

[bookmark: _Toc383723848]1.2.2 Cellular changes following mechanical loading in bone
At the cellular level, the osteocytes, embedded in the bone matrix sense the changes in their mechanical strain environment and coordinate the actions of bone forming osteoblasts and resorbing osteoclasts that are essential for correct functioning of the mechanostat (Atkins and Findlay, 2012). The complex dendritic network of the osteocytes performs mechanosensing function interacting with pericellular canalicular walls via tethering filaments (You et al., 2004). The fluid flow in lacuna-canalicular system induced  

by mechanical loading can produce strains on the osteocyte processes and cause cytoskeletal rearrangements and activation of downstream signalling pathways (Han et al., 2004). Osteocytes positively regulate osteoblasts favouring osteogenic adaptive response. 

The bone formation ultimately occurs by osteoblasts when bone experiences high strain levels and increased mechanical loading to counteract this increase in strain and reduce back to the target levels (Hillam and Skerry, 1995, Lanyon et al., 2009). Mechanical loading is also associated with reduced osteoclast activity, which is partly mediated through release of nitric oxide (NO) by the osteocytes (Hillam and Skerry, 1995, Tan et al., 2008). Mechanical strain induces cascades of multiple signalling pathways within the bone cells that ultimately result in secretion of the signalling molecules essential for differentiation and activity of these cells. Some of these signalling cascades involved in mechanotransduction in the osteoblasts are illustrated in the Figure 9. Further details of these cross talking pathways and their outputs are beyond the scope of this thesis, but have previously been reviewed (Rubin et al., 2006, Price et al., 2011). 

[image: Macintosh HD:Users:appleuser:Desktop:stimuli.png]

[bookmark: _Toc383544600]Figure 9 Schematic representation of signalling pathways activated by mechanical stimuli in osteoblastic cells
Mechanical loading engendered stimuli are sensed by a variety of receptors, stretch activated cation Ca2+ channels and integrin mediated connections to the extracellular matrix (ECM). These in turn activate a number of signalling pathways that result in decreased expression of anti-osteogenic factors including sclerostin and increased signalling by the pro-osteogenic molecules including Wnts, prostaglandins (PGE2) and insulin like growth factors (IGFs), which signal changes in the activity of intracellular mediators and transcription factors including -catenin and estrogen receptor- (ER). The local processes are influenced by systemic hormones including leptin and parathyroid hormone, which act through their cognate membrane receptors. 
Image reproduced with permission from (Price et al., 2011)


[bookmark: _Toc383723849]1.3 Rodent models of mechanical loading and skeletal ageing
Rodents are widely used model organisms to study bone homeostasis, the effect of ageing on the skeleton and develop potential interventions (Ferguson et al., 2003, Lee et al., 2003, De Souza et al., 2005a, Andrikopoulos et al., 2008, Sugiyama et al., 2010, Syed and Melim, 2011, Hattori et al., 2014). The advantages of rodents are that they are relatively inexpensive to purchase and house. Genetic modifications of rodents are easier compared with larger animal models (Skarnes et al., 2011). Additionally, rodent models exhibit small levels of inter-individual variation due to use of the inbred strains. Murine skeletal anatomy has similarities with the anatomy of the human skeleton with similar distribution of cortical and trabecular bones (Mosekilde, 1995). In comparison to other rodent models and strains of mice, C57BL/6 mice exhibit robust response to mechanical loading and unloading (Akhter et al., 1998). 

Rodents have relatively short lifespan making it feasible to use normally ageing mice or rats, which undergone age-related bone loss, for the experimental studies. One of the rodent models of accelerated ageing is the klotho gene-deficient mouse, which exhibits several ageing phenotypes that resembles human ageing including osteoporosis, arteriosclerosis, skin atrophy and infertility (Kuro-O. et al., 1997). The effect of ageing on the skeleton of C57BL/6 mice has been widely studied than in any other strains of mouse or rat (Almeida et al., 2007b, Syed and Hoey, 2010). C57BL/6 mice exhibit age-related decrease in cortical and trabecular bone mass and architecture displaying osteoporotic phenotype (Cao et al., 2003, Ferguson et al., 2003). Further discussions about suitability of C57BL/6 mice as models of the loading and ageing of the human skeleton are presented in the relevant chapters.
[bookmark: _Toc383723850]1.4 Systemic regulation of bone homeostasis
Bone’s response to exercise and feeding is mediated through various gastrointestinal (GI), pancreatic and calciotropic hormones and peptides. Osteoregulatory hormones that play an important role in bone growth and remodelling include gastro-entero-pancreatic hormones, calcitonin, PTH, growth hormone (GH), insulin-like growth factors (IGF), FGF23, glucocorticoids, sex steroids (oestradiol and testosterone) and vitamin D with its metabolites (De Paula and Rosen, 2010, Perrini et al., 2010, Quarles, 2012). In this section the role of hormones with known anabolic effects in regulation of bone homeostasis including ghrelin, leptin, insulin, glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP1) is considered. 

[bookmark: _Toc383723851]1.4.1 The endocrinology of food intake
Various sites of the GI tract including stomach, pancreas, liver, small and large intestines are involved in the regulation of food intake by producing satiety and hunger hormones in response to feeding or during fasting. The hindbrain in the central nervous system (CNS) is the main site that receives inputs from the GI tract via vagal afferent neurones.  Higher forebrain regions, hypothalamus and limbic system are also involved in regulation of food intake and energy consumption (Berthoud, 2002). 

Anticipation of the food including the sight, smell of food, time of a day and environmental cues trigger release of metabolic hormones both in animals and humans described as preprandial responses allowing to maintain metabolic homeostasis (Teff, 2011). Before the ingestion of food, neural signals from the brain to various endocrine organs generate cephalic responses of hormonal release as shown in the Figure 10. The macronutrients including carbohydrates, dietary protein, fat and fibre induce prandial responses and postprandial secretion of gastro-entero-pancreatic hormones in humans (Karhunen et al., 2008, Begg and Woods, 2013).
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[bookmark: _Toc383544601]Figure 10 Cephalic responses triggered by neural signals from the brain before the food intake in rats
Secretion of ghrelin initiated by the signals from the brain, peaks around 30min before the meal and then declines as the meal begins. Cephalic secretion of insulin begins 10-15min before the meal and continues to rise in plasma further as eating occurs. Glucose concentration in blood remains relatively stable throughout the premeal period. Cephalic levels of GLP1 peak around 1h before the meal, then return to baseline levels by meal time and continue to rise as eating commences.
Image reproduced with permission from (Begg and Woods, 2013)





[bookmark: _Toc383723852]1.4.2 Ghrelin 
Ghrelin is a 28-amino acid peptide, an endogenous ligand for G-protein coupled growth hormone secretagogue receptor (GHS-R), mainly secreted from the stomach. Lower concentrations of ghrelin are expressed in duodenum, throughout the small intestine, lungs, kidney, placenta, ovary, testis and the brain including hypothalamus, amygdala and pituitary (Kojima et al., 1999, Hosoda et al., 2000, Mori et al., 2000, Kojima et al., 2001, Volante et al., 2002). Circulating ghrelin concentrations change throughout the day with high concentrations on fasting, before the meal and low concentrations soon after the food intake suggesting that ghrelin might be an important factor in meal initiation (Figure 10) (Cummings et al., 2001, Tschop et al., 2001, Cummings et al., 2004, Drazen et al., 2006). Ghrelin is transported across blood-brain barrier (BBB) by transport proteins, where it acts on the brain regions including hypothalamus, limbic reward centres, brainstem and hindbrain. It increases the appetite and enhances food intake, mainly increasing the number of meals (Cummings, 2006). 

Amongst the macronutrients carbohydrates are known to be the most effective suppressors of postprandial ghrelin secretion (Monteleone et al., 2003, Hwalla et al., 2006). In some studies postprandial concentrations of ghrelin elevated (Erdmann et al., 2003, Erdmann et al., 2006) or remained unchanged after the intake of protein rich meal (Greenman et al., 2004). Oral ingestion of high fat meal mainly causes suppression of postprandial ghrelin concentrations (Monteleone et al., 2003, Nedvidkova et al., 2003, Feinle-Bisset et al., 2005). The effects of dietary fibres on ghrelin secretion are not well understood due to wide variety of fibres with different physical and chemical properties. It has been shown that dietary fibres either decrease postprandial ghrelin concentration or inhibit its decrease (Nedvidkova et al., 2003). Ghrelin also plays an important role in long-term regulation of energy homeostasis and changes in body weight (Cummings et al., 2002, Cummings, 2006).
[bookmark: _Toc383723853]1.4.3 Leptin 
Leptin is mainly secreted by adipocytes, a key hormone involved in long-term regulation of food intake and energy metabolism whose absence is known to be associated with obesity and alterations in body weight (Hamilton et al., 1995, Lönnqvist et al., 1995, Considine et al., 1996). Leptin is also secreted from the bone marrow, muscle, stomach, placenta and pituitary cells, making it an essential neuroendocrine and metabolic hormone (Wauters et al., 2000). Acting through central pathways including choroid plexus and hypothalamic nuclei and peripheral tissues including skeletal muscle, liver, pancreatic β cells, T-lymphocytes, adipose and adrenal tissues, leptin not only plays important role in energy balance, but also in regulation of carbohydrate metabolism, puberty and reproduction (Brzechffa et al., 1996, Kamohara et al., 1997, Quinton et al., 1999).

In humans, leptin inhibits appetite and leads to the reduction of food intake after being transported across the BBB and activating its receptors in the arcuate nucleus of the hypothalamus and choroid plexus (Tartaglia et al., 1995, Wauters et al., 2000, Cowley et al., 2001, Small and Bloom, 2004). It has been shown that leptin interacts with various neuropeptides, including small intestine derived cholecystokinin (CCK), to inhibit orexigenic and stimulate anorexigenic neuropeptides in the brain reducing the food intake (Stephens et al., 1995, Wang et al., 1998). Zhang et al. revealed that human homologue leptin gene is 84% identical with the mouse protein (Zhang et al., 1994). 
[bookmark: _Toc383723854]1.4.4 Insulin 
Insulin is a major endocrine and metabolic polypeptide hormone produced by the  cells in the endocrine pancreas. It plays essential role in regulation of the metabolic homeostasis by providing information to the CNS about size and distribution of the adipose mass (Porte Jr et al., 2002). In humans and rodents cephalic secretion of insulin is initiated by the signals from the brain and begins a few minutes before the anticipated meal. Insulin concentration in plasma continues to rise as eating commences (Figure 10) (Berthoud et al., 1981, Teff et al., 1991, Just et al., 2008). 

Glucose is the most powerful stimulator of the insulin release, whereas amino acids and fatty acids are ineffective or only weakly trigger insulin secretion. Insulin regulates metabolism of carbohydrates by stimulating glucose absorption from the blood into adipose tissue and muscle and formation of glycogen from glucose (glycogenesis) (Power and Schulkin, 2008). The effects of the polypeptide hormone glucagon, which is released from the pancreatic  cells, are opposite of those of insulin. Glucagon is secreted when concentrations of glucose and amino acids fall in plasma. It stimulates glycogen breakdown in the liver (glycogenolysis) and glucose synthesis from the amino acids in the liver and kidneys (gluconeogenesis) (Cummings and Overduin, 2007, Frayn, 2010). 

Amylin, also known as islet amyloid polypeptide, is stored in the same granules as insulin and co-secreted with insulin from pancreatic  cells (Cooper et al., 1987, Cooper, 2001). Amylin binds to its receptor complexes consisting of calcitonin receptor (CTR) at the core dimerised with receptor activity modifying proteins (RAMPs) (Cooper et al., 1987, Hay et al., 2004). It is an anorexigenic hormone that inhibits food intake by slowing gastric emptying and ultimately reducing both meal size and number of the meals. Amylin enhances insulin function by inhibiting gastric acid and glucagon secretions and thereby regulating postprandial glucose concentrations in plasma (Lutz et al., 1995, Reda et al., 2002, Lutz, 2006). 


[bookmark: _Toc383723855]1.4.5 GIP 
GIP (glucose-dependent insulinotropic polypeptide) is secreted predominantly from intestinal K cells in response to nutrient intake (Mortensen et al., 2003). GIP concentration increases within 5-15min after the food ingestion and peaks 30-60min postprandially depending on the meal size and composition (Meier et al., 2002, Vilsbøll et al., 2003). Dietary fat and carbohydrates are the main stimuli for GIP secretion (Elliott et al., 1993, Herrmann et al., 1995). As an insulinotropic hormone, GIP is involved in the stimulation of meal-induced pancreatic insulin secretion (Nauck et al., 1993). Although proteins may have no effect on GIP concentrations, it was previously shown that administration of amino acids into the duodenum stimulated GIP release (Thomas et al., 1976). Postprandially GIP is involved in the lipid metabolism and exerts its anabolic effects by stimulating lipoprotein lipase activity to incorporate fatty acids into the adipose tissue (Fujimoto et al., 1979, Beck and Max, 1983). 
[bookmark: _Toc383723856]1.4.6 GLP1 
GLP1 (glucagon-like peptide 1) is an incretin hormone[footnoteRef:2] secreted from intestinal L cells. It is cleaved from proglucagon protein expressed in the brain, intestines and pancreas. This process gives end products including glicentin, oxyntomodulin, glucagon, GLP1 and GLP2 (glucagon-like peptide 2) (Drucker, 2006). GLP1 receptors are expressed in brainstem, hypothalamic arcuate and paraventricular nucleus (PVN), gut, pancreas and vagal afferent nerves (Turton et al., 1996, Drucker, 2006).  [2:  A group of gastrointestinal hormones that stimulate decrease in blood glucose concentrations ] 


Meal-anticipatory cephalic secretion of GLP1 peaks around 1h before the anticipated meal, then declines to baseline by meal time with levels increasing rapidly as eating commences (Figure 10) (Vilsbøll et al., 2003). Preprandial secretion of GLP1 before the 
meal may stimulate pancreatic  cells to produce insulin in anticipation of incoming nutrients and shares the insulinotropic effect with GIP (Vahl et al., 2010). Carbohydrates are strong stimuli of GLP1 release consistent with its role as an incretin hormone (Elliott et al., 1993, Herrmann et al., 1995, Brubaker and Anini, 2003). The dietary fibres are shown to increase, inhibit or have no effect on GLP1 secretion perhaps depending on the type and amount of fibres (Raben et al., 1994, Juntunen et al., 2002, Frost et al., 2003). The GLP1 concentration is elevated after protein-rich food ingestion (Raben et al., 2003). Fats cause delayed increase in GLP1 secretion in comparison to carbohydrates and their effect seem to depend on the chain length of fatty acids (Thomsen et al., 1999, Feltrin et al., 2004). 

The main findings of the effects of macronutrients and fibre on postprandial release of GI peptides in humans are summarised in the Table 1.

[bookmark: _Toc381049297][bookmark: _Toc383545827]Table 1 Summary of the main findings of the effect of macronutrients and fibre on postprandial release of satiety-related gastrointestinal peptides in humans
	Peptide
	Carbohydrate
	Fibre
	Fat
	Protein

	Ghrelin
	Decrease
	Blunted or
Inhibited
	Decrease/No
effect
	Decrease/No
effect

	Insulin
	Increase

	Blunted increase
	Increase

	Increase

	Amylin
	Increase

	O
	O
	O

	GIP
	Increase

	O
	Increase

	No effect/
Increase

	GLP1
	Increase

	Blunted increase
	Increase

	Increase

	O: No studies available


Reproduced from (Karhunen et al., 2008)
[bookmark: _Toc383723857]1.4.7 Interlinks between endocrine system and bone homeostasis
The systems that regulate energy balance, metabolism and appetite are also central to the control of bone and mineral homeostases. It has been shown that there are direct and indirect interlinks between food intake and bone turnover (Ammann et al., 2000, Ducy et al., 2000, Zeni et al., 2003, Naot and Cornish, 2008, Shi et al., 2008). Age-related changes in appetite, malnutrition and disorders of GI absorption are associated with increased risk of bone fractures, reduced bone mass and various bone diseases (Bernstein and Leslie, 2003, Moss et al., 2012). These suggest that sufficient intake of nutrients and normal GI function are essential for the skeletal health. Bone appears to exert reciprocal influences on endocrine system and energy metabolism through various mechanisms and feedback loops (Ferron et al., 2008, Hinoi et al., 2009). 

Previous studies have shown that ghrelin may have anabolic effects on bone and directly regulates bone formation. It stimulates osteoblast proliferation and differentiation in humans and rodents and inhibits osteoblastic apoptosis in vitro (Fukushima et al., 2005, Kim et al., 2005, Maccarinelli et al., 2005, Sibilia et al., 2005, Delhanty et al., 2006). Administration of ghrelin was shown to reduce the sympathetic tone and increase food intake in rats indicating that ghrelin may centrally stimulate bone formation and decrease bone resorption (Yasuda et al., 2003). In addition to the control of osteoclastogenesis and bone metabolism, ghrelin also interacts with leptin at neuropeptide Y/agouti-related protein (NPY/AgRP) neurones of the hypothalamic arcuate nucleus, where receptors of both hormones are expressed (Nogueiras et al., 2008). Most importantly, these interactions and their effects on bone and energy metabolism are affected by age (Van der Velde et al., 2012).

Adipose derived hormone leptin plays an important role in central and peripheral regulation of bone homeostasis (Turner et al., 2013). Leptin stimulates periosteal bone formation and increases bone mass through its direct anabolic effects on osteoblasts and through CNS including stimulation of GH-IGF axis and suppression of NPY, an inhibitor of bone formation (Welt et al., 2004, Hamrick et al., 2008b). Leptin also acts through central neuroendocrine pathway by stimulating neuropeptide CART (cocaine and amphetamine regulated transcript) expression (Elefteriou et al., 2005). Since leptin is produced by adipocytes it is present in bone marrow and, therefore, directly acts within bone microenvironment having direct effects on bone cells, which according to numerous studies express leptin receptors (Lepr) (Iwamoto et al., 2004, Hess et al., 2005, Burguera et al., 2006, Scheller et al., 2010). 

Leptin antiosteogenic function is mediated by the sympathetic nervous system (SNS) acting through β2 adrenergic receptors expressed on osteoblasts. Leptin indirectly increases bone resorption and inhibits bone formation ultimately reducing the bone mass (Elefteriou et al., 2005, Hamrick et al., 2008b, Yadav et al., 2009). A study by Kapur et al. revealed the role of leptin signalling in direct negative regulation of bone’s adaptive response to mechanical loading in vivo and osteoblastic cells to the fluid shear stress in vitro. In mouse osteoblasts in vitro mechanical stimuli of fluid flow exerted anabolic effects in part through suppression of Lepr signalling (Kapur et al., 2010). In a series of studies Karsenty et al. have shown that genetically obese leptin-deficient (ob/ob) or functional leptin receptor-deficient (db/db) mice exhibit high bone mass suggesting anabolic effects of leptin on the skeleton (Ducy et al., 2000, Karsenty et al., 2009).

Insulin increases bone formation and decreases bone resorption in vivo and in vitro since insulin receptors are expressed on both osteoblasts and osteoclasts (Pun et al., 1989, Cornish et al., 1996, Thomas et al., 1998, Bjarnason et al., 2002). Insulin also binds and activates IGF-1 receptors expressed on osteoblasts. However, chemical inhibition of IGF-1 receptor signalling did not change osteoblast sensitivity to insulin suggesting that insulin independently acts through its cognate receptor (Fulzele et al., 2007). When insulin receptors in osteoblasts are activated by insulin, osteoblast collagen production is increased (Kream et al., 1985, Pun et al., 1989). More recent studies revealed that mice lacking insulin receptors had low number of osteoblasts, decreased osteocalcin levels and bone formation (Fulzele et al., 2010). It was shown that systemic insulin deficiency during type 1 diabetes was associated with low bone mass due to reduced osteoblast function and survival and subsequent bone formation (Kalaitzoglou et al., 2016). Amylin, a polypeptide hormone co-secreted with insulin, also exerts anabolic effects on bone through co-activation of its specific receptor composed of the calcitonin receptor dimerised with RAMPs and IGF1 receptor (Cornish et al., 2004, Naot and Cornish, 2008). It has been shown that amylin stimulates osteoblast proliferation and differentiation and inhibits osteoclast differentiation in vitro (Alam et al., 1993, Cornish et al., 1998, Cornish et al., 1999). Concentrations of amylin in plasma are lower in patients with osteoporosis compared with the healthy controls suggesting that amylin deficiency in these patients may contribute to the development of osteoporosis and provides suitable target for developing pharmacological treatments (Bronsky and Prusa, 2004). 

The role of GIP in regulation of bone remodelling was studied using genetically modified mouse models. It is shown that GIP receptors are expressed on osteoblasts, and GIP increases osteoblast number, collagen type I expression and alkaline phosphatase (ALP) activity in osteosarcoma cell lines (Bollag et al., 2000, Zhong et al., 2007). GIP receptor knockout mice have reduced bone formation, low bone mass, smaller bone size and alterations in trabecular microarchitecture (Xie et al., 2005a, Tsukiyama et al., 2006). Transgenic mice overexpressing GIP have increased bone mass and BMD due to increased bone formation and reduced bone resorption, and, more importantly, reduced bone loss with ageing (Xie et al., 2004, Xie et al., 2007, Ding et al., 2008). Furthermore, administration of GIP was shown to increase bone density in ovariectomised rats, which may have counteracted bone resorption characteristic of oestrogen depletion confirming osteoprotective effects of GIP (Bollag et al., 2001).

Previous studies have shown that GLP1 regulates bone remodelling mainly by decreasing bone resorption (Yamada et al., 2008, Nuche-Berenguer et al., 2009). GLP1 receptors have been found in murine and human osteoblastic cell lines indicating GLP1 may directly and functionally interact with osteoblastic cells through its receptor (Nuche- Berenguer et al., 2010, Pacheco- Pantoja et al., 2011). GLP1 receptor knockout mice had bone fragility, increased osteoclast number and ultimate bone resorption activity, which was assessed by increased urinary concentration of bone resorption marker urinary deoxypyridinoline (Yamada et al., 2008). A number of studies have shown apparent relationship between GLP2, which is co-secreted with GLP1 from the intestinal L cells, and bone metabolism. GLP2 receptors are expressed on osteoclasts, and GLP2 decreases bone resorption both in vivo and in vitro (Henriksen et al., 2003a, Karsdal et al., 2004). A study on patients with small bowel and colon resections showed that subcutaneous low dose of GLP2 treatment had positive effects on BMD and caused decrease in bone resorption markers, but no change in bone formation markers (Haderslev et al., 2002).

Thus, understanding the mechanisms that coordinate interactions between nutrition and bone homeostasis may be critical for developing potential interventions to maintain healthy skeleton, prevent age-related bone loss and improve treatments of bone disorders.






[bookmark: _Toc383723858]1.5 Hypothesis and aims
We hypothesised that the timing of food ingestion affects the response of bones to the mechanical loading. 

The aims of the project are:
1. To determine the effect of timing of food ingestion on bone’s response to mechanical loading that mimics exercise in young male C57BL/6 mice. To achieve this, the effect of maximal mechanical loading on bone after different periods of withholding food or feeding will be measured in male young mice using micro-computed tomography and dynamic histomorphometry.
 
2. To determine the ability of food ingestion to potentiate osteogenic effects of submaximal loading and enhance ineffective sub-threshold loading in young mice. This will be achieved by comparing the effects of submaximal and sub-threshold mechanical loading on bones of fed or fed following overnight fast young male mice using micro-computed tomography.

3. To investigate the effect of ageing on the interactions between energy metabolism and bone’s ability to adapt to osteogenic mechanical loading in aged male C57BL/6 mice. This study will be conducted on aged male fed or overnight fasted fed mice to determine age-dependent modulating effects of feeding on bone’s adaptation to mechanical loading using micro-computed tomography.

4. To explore possible candidate hormones that could mediate the synergies between energy metabolism and bone’s adaptive response to mechanical loading in mice. The concentrations of metabolic hormones with known anabolic effects on bone including ghrelin, leptin, insulin, GIP and GLP1 will be measured in fed or overnight fasted fed male young and aged mice using multiplex metabolic assay. 

Identification of feeding protocols and the optimal timing of feed ingestion that affect adaptive response of bone to load has potential for translation into benefits for people by providing information on when to exercise in relation to meals, which may help to build and maintain a healthy musculoskeletal system throughout the life-course including in older age.













[bookmark: _Toc383723859]

CHAPTER 2
General materials and methods












[bookmark: _Toc383723860]2.1 In vivo experiments
[bookmark: _Toc383723861]2.1.1 Model organisms
[bookmark: _Toc299293716][bookmark: _Toc300073234][bookmark: _Toc296463487]Male C57BL/6 wild type mice at 16 weeks of age (young adult) and 20 months of age (aged) were obtained from Charles River Laboratories Inc. (Margate, UK). The mice were caged separately and acclimatised to their surroundings for seven days. All mice were allowed free access to water and a maintenance diet ad libitum (2018C Teklad Global 18% Protein Rodent Diet; Teklad Diets, Madison, WI, USA, Appendix 1) in a 12-hour light/dark cycle at a room temperature of 21±20C and relative humidity of 55±10%. Cages contained wood shavings, bedding and metal rings for mice to play. All procedures complied with the United Kingdom Animals (Scientific Procedures) Act 1986 (ASPA) and were reviewed and approved by the University of Sheffield Research Ethics Committee (Sheffield, UK). 3Rs principle followed as the ethical framework for conducting all the scientific experiments (NC3Rs, 2018). The author was the holder of the home office personal licence, number 36744 and the principal investigator held the project licence, PPL number 40/3499.
[bookmark: _Toc383723862]2.1.2 Assessment of feeding behaviour of fed or fasted young and aged mice
Equipment
· Animal weighting digital laboratory scales (A & D Company Limited, HT-500)
· Precision calibrating metal weights 
Method
Groups of young adult male mice at 17 weeks of age and aged male mice at 20 months of age were either allowed access to maintenance diet ad libitum (n=7) or fasted overnight for 16 hours (n=7) and were assessed for subsequent feeding behaviour. The nesting material, bedding and wood shavings were removed from the cages prior the experiment. All mice were allowed free access to water. Food intake was measured by monitoring the consumed food and body weights of animals every 30 minutes for the first 3 hours then every hour for another 4 hours twice weekly for one week. The faecal pellets collected at end of the experiments and stored at -200C until dried at 700C and weighed for analysis. After the experiments mice were placed in new cages with wood shavings and bedding as previously described.
[bookmark: _Toc383723863]2.1.3 In vivo mechanical loading of tibiae
Materials
· Isofluorane (IsoFlo, Abbott Laboratories Ltd, Maidenhead, UK)
Equipment
· Servo-hydraulic mechanical loading machine (Instron 8511/8500, Buckinghamshire, UK)
and later
· High performance linear motor materials testing machine (ElectroForce 5500, Bose Co., Eden Prairie, MN, USA)
· Animal anaesthesia machine (AW Anaesthesia Services Ltd) with oxygen concentrator (Nuvo Lite, Nidek Medical)
Method
The right tibia of each mouse was subjected to non-invasive, dynamic axial mechanical loading under the isofluorane-induced anaesthesia (liquid isofluorane was vaporised to a concentration of 5% and maintained at a concentration of 3% with oxygen) for 7min/day, 3 alternate days a week for 2 weeks according to the protocols described in the previous studies. The left tibiae were non-loaded internal controls (Figure 11). (Rubin and Lanyon, 1984, De Souza et al., 2005a, Moustafa et al., 2009, Sugiyama et al., 2008, Sugiyama et al., 2010). 

To apply mechanical loading, mice were anaesthetised, and the knee and ankle joints of the right limbs were fixed in customised concave cups as shown in the Figure 12A. The knee was positioned into the upper cup, which was attached to the activator arm displacement transducer and the ankle in the lower cup attached to the dynamic load cell. The tibia was held in place by continuous static preload of 0.5N onto which dynamic loads were superimposed in a series of 20 or 40 trapezoidal shaped waveform cycles with steep up and down ramps with a high dwell time of 0.4s and 9s low dwell ‘rest interval’ between each cycle (Srinivasan et al., 2002). The load was applied to engender the required magnitude of strain on the bones of animals in each of the age groups (Meakin et al., 2014). The engendered average strain rate was 30000με/s, which previously was shown to be equivalent to physiological strain rates (Fritton and Rubin, 2001).

[image: ]
[bookmark: _Toc383544602]Figure 11 Schematic representation of the in vivo mechanical loading experimental design with fluorescence labeling schedule 
Right tibiae of the mice were loaded on alternate days for 2 weeks. Calcein was injected subcutaneously into the mice on day 1 and day 12 of mechanical loading and confirmed by monitoring mice urine colours. All mice were culled on day 15 by Schedule 1 method.
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[bookmark: _Toc383544603]Figure 12 Schematic diagram representing the placement of mouse right hind limb into the loading caps to apply non-invasive axial loading (A) under isofluorane-induced anaesthesia using ElectroForce 5500 linear motor materials testing machine, Bose Co., USA (B)
Image (A) adapted with permission from (De Souza et al., 2005a)
[bookmark: _Toc383723864]2.1.4 Calcein administration
Materials
· Calcein (C0875), sodium bicarbonate NaHCO3 (S5761, MW 2.160g/cm3), hydrochloric acid HCl (8596, MW 36.46g/mol), sodium hydroxide NaOH (13455, FW 40.00) (Sigma-Aldrich, USA) 
· Distilled water (dH2O)
· 0.22m bacterial filter (Pall Corporation, Life Sciences, Portsmouth, UK)
· Insulin syringes (100iu/ml 1ml 27G) (Terumo Europe, Belgium)
Equipment
· Advanced bench 3510 pH-meter (Jenway, Stone, UK)
Solutions 
150mg of calcein powder was added to 50ml dH2O. 0.1g of NaHCO3 was added to neutralise the pH of the solution. The solution was protected from light with aluminium foil and continuously stirred for approximately 30mins. After the solution was fully dissolved, it was filter-sterilized at 0.22m into autoclaved vials also protected from light with aluminium foil. The pH of the solution was measured with a bench pH-meter and corrected to neutral pH 7 with HCl or NaOH. The calcein solutions were made on the same days prior the experiments ensuring no loss of fluorescence from the fluorochrome label.
Method
Calcein was administered at a concentration of 30mg/kg in 0.2% NaHCO3 solution subcutaneously on the first and last days of mechanical loading (days 1 and 12) using insulin syringes (Hillam and Skerry, 1995). 
[bookmark: _Toc383723865]2.1.5 Euthanasia and dissection
Materials 
· Ethanol (EOH) diluted to 70% with dH2O (1704384, MW 46.07g/mol) (Fisher Scientific, Leicestershire, UK)
· Animal bone dissection tools - forceps, surgical scissors, sterile surgical scalpels (Swann-Morton, Sheffield, UK)
Method
Mice were euthanized by the Schedule 1 method (concussion confirmed with cervical dislocation) on day 15. After euthanasia, mice were thoroughly sprayed with 70% EOH to prevent any loose dry hair contamination, the hind limbs were removed and dissected. A small incision was made to the midline in the lower abdomen, just above the hips and extended down the legs passing the ankle joints. The skin was pulled back and the tibiae were separated from femurs without damaging the bones and retaining fibulae by cutting through the flexed knee joints. After sectioning the ligaments with surgical scissors, the feet were removed by cutting through the flexed tibio-tarsal joints. The tibialis anterior, gastrocnemius and sartorius muscles were isolated by peeling the achilles tendons proximally and sectioning cut muscle origins. The forceps, scissors and scalpels were used to remove any additional muscles or connective tissues before the tibiae were fixed in 70% EOH and stored protected from light at 40C until time for CT analysis.
[bookmark: _Toc383723866]2.1.6 Micro-computed tomography (CT) analysis
Materials 
· Non-PVC containing cling film (Sainsbury’s, UK)
· Plastic bijou containers (7ml, Thermo Scientific, UK)
Equipment 
· CT scanner and software (SkyScan 1172, Bruker MicroCT, Kontich, Belgium)
Method
The tibiae were collected after mice were culled, and loading responses of bones determined by CT using a SkyScan 1172 (SkyScan, Kontich, Belgium). Since mouse bones are small, and axial loading related osteogenesis is site-specific, high-resolution CT analysis was used primarily to quantify three-dimensional bone microarchitecture at comparable sites (proximal and mid-shaft regions) of loaded and contralateral non-loaded control tibiae (Sugiyama et al., 2010, Sugiyama et al., 2012). Low-resolution images of the whole tibiae were also obtained. The tibiae were stored in 70% EOH and mounted in a plastic tube wrapped in cling film to prevent drying during scanning. The low-resolution scans were imaged with a pixel size of 17.2m and the high resolution scans with a pixel size of 4.3m. The applied X-ray voltage was 50kV, X-ray intensity 200A with a 0.5mm aluminium filtration. The scans were taken over 180 degrees with a 0.7-degree rotation step (Figure 13). The images were reconstructed and binarised with a threshold of 0 to 0.16, ring artefact reduction was set at 10 and beam hardening correction at 0% using the SkyScan NRecon software package (SkyScan version 1.6.9.4, Bruker MicroCT, Kontich, Belgium). The images then were realigned vertically using DataViewer software (version 1.5.1.2 64-bit).
3D Analysis
Structural parameters were calculated using SkyScan Ct.An software (Bruker MicroCT, Kontich, Belgium) for cortical bone 1-mm-long section at the mid-shaft of the tibia with an offset of 0.5mm (Figure 14B), and for trabecular bone - secondary spongiosa, 1mm distal to the tibial proximal growth plate with an offset of 0.2mm ensuring the growth plate was not included in the analysis (Figure 14A). 

In the trabecular region, an irregular, anatomic region of interest (ROI) adjacent to the endocortical boundary was analysed. Two ROIs were drawn to analyse the cortical region including ‘doughnut’ shaped ROI and ‘crude’ ROI around the outside of the bone as shown in Figure 15. For the whole tibiae scans, every slice was considered and included in the ROI.
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[bookmark: _Toc383544604]
Figure 13 The main components and operating principle of desktop micro-computed tomography (CT) scanner
The micro-focus X-ray tube produces radiation, emits X-rays that are collimated and filtered narrowing energy spectrum to pass through the sample that slowly rotates in the sample holder through 360 degrees. The radiation attenuated by the sample is measured with a charge-coupled device (CCD) camera with phospholayer coating to convert the X-rays to visible light. A full scan is composed of set of acquired X-ray images of the rotating sample, which then are processed using appropriate computer software.
Image reproduced with permission from (Boerckel et al., 2014)
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[bookmark: _Toc383544605]Figure 14 Selection of the tibial trabecular (A) and cortical bone (B) 1mm-long ROIs for 3D analysis using SkyScan Ct.An software
After the cone-beam reconstruction, CT scans of the bones were analysed using Ct.An software (Bruker MicroCT, Kontich, Belgium). (A) For trabecular bone the region of interest was selected 1mm distal to the proximal tibial growth plate. An offset of 0.2mm was set to ensure the growth plate was not included in the analysis. (B) For cortical bone 1mm-long section was selected at the mid-shaft of tibia with an offset of 0.5mm.
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[bookmark: _Toc383544606]Figure 15 Representative images of the trabecular (A), cortical ‘crude’ (B) and ‘doughnut’ (C) regions of interests drawn to analyse trabecular and cortical bones respectively
The ROIs were processed using micro CT analysis Batch Manager software (Bruker MicroCT, Kontich, Belgium). The tasks used to analyse the ROIs included Thresholding of the image, Despeckle to remove the white specs (<10 voxels) in 3D space of the image, ROI – Shrinkwrap to shrink the ROI drawn outer edge of the bone ensuring only the bone is measured and analysed and 3D Analysis to analyse bone parameters according to the guidelines for the assessment of bone microstructure in rodents using CT (Bouxsein et al., 2010). Scale bar = 200m


According to the guidelines for the assessment of bone microstructure in rodents using CT (Bouxsein et al., 2010), bone mass, architecture and changes due to mechanical loading were evaluated in cortical bone region total cross-sectional area inside the periosteal envelope (Tt.Ar), cortical bone area (Ct.Ar), marrow area (Ma.Ar) and cortical thickness (Ct.Th), and in trabecular bone region bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular pattern factor (Tb.Pf) and trabecular number (Tb.N). 3D representations of the bones were created using the Voxler software (Golden Software Inc., 2006). 
[bookmark: _Toc383723867]2.2 Bone dynamic histomorphometry
[bookmark: _Toc383723868]2.2.1 Bone fixation and embedding in acrylic resin
Materials
· EOH (1704384, MW 46.07g/mol) (Fisher Scientific, Leicestershire, UK)
· IMS alcohol H3CCH2OH (64-17-5, MW 46.07g/mol) (VWR, Lutterworth, UK)
· LR White resin (L012, Taab Laboratory Equipment Ltd)
· Disposable plastic mould (E105), Plastic embedding stub (E081) (Taab Laboratory Equipment Ltd)
Method
After CT scanning and being fixed in 70% EOH for a minimum of 48hrs, the mouse bones were infiltrated in increasing concentrations of alcohol (80% IMS alcohol, 80% IMS alcohol, 100% IMS alcohol, 100% IMS alcohol, 100% EOH, 100% EOH and 100% EOH) on a shaker at room temperature for 48hrs at each concentration. Bones were then infiltrated in glass bottles with medium grade LR White resin at 40C for 6 days, resin was changed every 48hrs. The sample bottles were agitated gently and continuously on a shaker for a duration of the infiltration at 40C. Next the bones were placed longitudinally and diagonally in plastic moulds fully filled with fresh resin and covered with labelled plastic embedding stubs at room temperature. Resin was then allowed to polymerise at 550C overnight for up to 24hrs until it is hard. After polymerisation, blocks were removed from the moulds and protected from the light during the storage and subsequent use. The bones were protected from the light at all stages of the processing to prevent the loss of fluorescence from the labels. 


[bookmark: _Toc383723869]2.2.2 Sectioning and visualisation
Materials
· SuperfrostTM Plus glass slides (J1800AMNZ, Thermo Fisher Scientific Inc., Paisley, UK)
· Saran wrap cling film (The Dow Chemical Company, Belfast, UK)
· DPX mountant for histology (HX68428779, MercK KGaA, Darmstadt, Germany)
Equipment 
· Rotary microtome (Leica RM2265, Leica Biosystems, Nussloch, GmbH)
· Leica CTR7000 HS microscope with fluorescent lump (Leica Microsystems, GmbH)
· Digital colour camera (Olympus DP73, MA, USA)
Method
The bones were reoriented vertically, then 8m thick transverse sections were obtained from the cortical ROI corresponding to the mid-shaft of the tibiae and as determined by CT, using the tungsten carbide – tipped 16cm microtome knife on the rotary microtome. Skelet.AL analysis laboratories at the Department of Oncology and Metabolism of The University of Sheffield performed sectioning of the bone samples. Sections were unrolled and floated onto a drop of the dH2O on a labelled Superfrost Plus glass slides using fine paintbrush and forceps. The slides were covered with Saran wrap and wrapped with blotting paper making sure the Saran wrap-covered sections were flat without creases or residual water. The slides then were dried at 500C overnight stacked in the slide clump to aid adherence of bones sections. After peeling off the Saran wraps slides were mounted in the xylene for 2-3min and then covered with glass coverslip using DPX mountant. Images of calcien labelled transverse bone sections were visualised using Leica fluorescent microscope at 4x and 10x magnifications. All slides were stored protected from the light until time for histomorphometry analysis.

[bookmark: _Toc383723870]2.2.3 Measurements of bone formation parameters
Method
The histological assessment of bone phenotypes was carried out by dynamic histomorphometry measuring its derived kinetic indices (Parfitt et al., 1987, Parfitt, 1988, Erben and Glosmann, 2012, Dempster et al., 2013). A Leica microscope was set up for fluorescence before placing the slides with calcein labeled sections under the microscope. To reach its full output, the fluorescent lump was allowed to warm up for 5min before measurements were made. 

Bone formation parameters including mineralizing surface (MS), mineral apposition rate (MAR) and bone formation rate (BFR) were measured using the OsteoMeasure software (version 3.3.0.2) (Figure 16).

MS is defined as the extent of the bone surface active in mineralization at a particular time is given by the total extent of the labeled surface (Dempster et al., 2013). MS was calculated from the following equation: 

MS (mm) = (dLS + sLS/2)/BS

where, 
dLS = double-labeled surface (dL.Pm)
sLS = single-labeled surface (sL.Pm)
BS = bone surface (B.Pm)



MAR is defined as the distance between two consecutive labels divided by the time between the labeling periods (Dempster et al., 2013). MAR was calculated from the following equation: 

MAR (m/d) = Ir.L.Th/Ir.L.t

where,
Ir.L.Th = inter label thickness (Ir.L.Wi)
Ir.L.t = time between injection of labels (12 days)

BFR was expressed per unit of bone surface (Erben and Glosmann, 2012, Dempster et al., 2013) and was calculated from the following equation: 


BFR (µm3/µm2/d) = MAR x (MS/BS)

where MAR was multiplied by the fraction of bone surface that was labeled.
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[bookmark: _Toc383544607]
Figure 16 Measurement of bone formation parameters from fluorochrome labels on a mouse tibia transverse section 
(A) Representative low power 10x magnified image of the anterior transverse section of mouse right tibia used to measure cortical bone formation parameters. After selecting the appropriate parameter, the coloured lines were drawn on the top of the fluorescent labels of the corresponding bone surfaces (boxed area). To measure single calcein labeling, a line was drawn on the top of the fluorescent single label. For double calcein labels, the first line was drawn in one direction, whereas the second line in the opposite direction ensuring correct calculations of double calcein labeling as shown in high power 40x magnified image (B). 
[bookmark: _Toc383723871]2.3 Mouse cortisol and multiplex metabolic assays
[bookmark: _Toc383723872]2.3.1 Repeated blood sampling by tail incision
Materials
· Blood collection tubes 0.6ml (08414301, Thermo Fisher Scientific, Paisley, UK)
· Animal blood sampling tools; mouse tube restrainer (Harvard Apparatus, Holliston, US), 27G sterile blood lancet
Method
Small blood volumes were obtained from the mice by tail vein sampling technique with assistance from the Biological Services Unit at the Royal Hallamshire Hospital of The University of Sheffield. To avoid hyperthermia and dehydration and reduce stress levels, this technique was performed without warming mice in the warming cabinet prior to taking the blood samples. 

Mice were gently placed in the restraint tube (Figure 17) and lateral tail veins were accessed by making incisions in approximately one-third from the proximal end along the length of the tails (Dürschlag et al., 1996, Sadler and Bailey, 2013). Repeated blood micro samples (typically ≤50l) were collected from the lateral mouse-tail veins 3 times in any one 24-hour period (NC3Rs, 2018). 
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[bookmark: _Toc383544608]Figure 17 Rodent tube restrainer used to access mouse tail vein for blood sampling

[bookmark: _Toc383723873]2.3.2 Serum sample preparation
Materials 
· Polypropylene microcentrifuge tubes 0.5ml (FB74023, Fisher Scientific UK Ltd, Loughborough, UK)
Equipment
· Eppendorf 5804R centrifuge (Eppendorf AG, Hamburg)
Method
The collected blood samples were kept in the collection tubes at room temperature for 35-40min allowing blood to clot before centrifugation. To separate the serum, the blood samples were centrifuged at 1000 x g for 15min at 40C and the serum samples were transferred to clean polypropylene microcentrifuge tubes. Samples were centrifuged again at 10 000 x g for 10min at 40C to completely remove platelets and precipitates. To avoid repeated freeze and thaw cycles, the serum specimens were stored in labelled tubes at 
-700C until the time for analysis. 
[bookmark: _Toc383723874]2.3.3 Serum cortisol analysis  
Materials
· Mouse/rat cortisol ELISA assay (SE120082, Sigma-Aldrich Company Ltd, MO, USA)
· dH2O, absorbent paper, graph paper
· Precision pipettes (Thermo Electron LED, GmbH) 
· Sterile disposable pipette tips (TipOne RTP, STARLAB, Blakelands, UK) 
Equipment
· ELISA reader (Omega, BMG LABTECH GmbH, Ortenberg, Germany)
Method
Cortisol concentrations were measured in mouse sera by a solid phase competitive enzyme linked immunosorbent assay (ELISA) (Sigma-Aldrich Co Ltd, USA) according to the manufacturers' protocol (Appendix 2), Figure 18. Prior to the assay the frozen sera were thawed at a room temperature and mixed well using vortexer. Briefly, 25l of mouse serum was added into each microwell of the plate, coated with the anti-cortisol MAb, along with the standards for 6-point standard curve (1-80ng/ml), blank and internal control. After incubation at room temperature with shaking for 60min, wells were washed three times with wash buffer and treated with 3,3’,5,5’ - Tetramethylbenzidine (TMB) substrate for 15min. The colorimetric reaction was then stopped and absorbance was measured at 450nm on ELISA reader. A 4-parametre logistic regression was applied to the standard curve for the calculation of cortisol concentrations in the samples (ng/ml). Samples were assessed in duplicate.
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[bookmark: _Toc383544609]
Figure 18 Overview of the cortisol solid phase competitive ELISA
The samples ( [image: ] ) and cortisol enzyme conjugate ( [image: ]) were added to the wells of the 96-well plate coated with the anti-cortisol monoclonal antibody MAb. Cortisol in the sample competed with the reporter enzyme conjugate for limited antibody binding sites. The unbound cortisol and cortisol enzyme conjugate were removed by washing the plate. Upon addition of the chromogenic TMB substrate ([image: ]) to develop colour remaining enzymes elicited signal. The samples with high antigen concentration generated a lower signal yielding inverse correlation between antigen concentration in the sample and colour development in the assay. The absorbance was measured on ELISA reader at 450nm. 









[bookmark: _Toc383723875]2.3.4 Mouse multiplex metabolic hormone assay
Materials
· Bio-Plex ProTM Mouse diabetes 8-plex assay (171F7001M, Bio-Rad, Watford, UK)
Equipment
· Bio-Plex MAGPIX Multiplex Reader (Bio-Rad, Watford, UK)
Method
Serum ghrelin, leptin, insulin, GIP and GLP1 concentrations were assayed in mouse sera using mouse multiplex diabetes assay (Bio-Rad, Watford, UK) following manufacturers’ instructions (Appendix 3). The mouse diabetes assay is magnetic bead-based multiplex assay that allows measurement of multiple proteins in small volumes of sera (Figure 19). Briefly, a 96-well plate was pre-coated with 50l of beads coupled with the capture antibodies. After washing twice with wash buffer, 50l of standards, blank and serum samples were added into the wells, incubated at room temperature with shaking for 1hr, washed and followed by the detection antibodies and streptavidin-phycoerythrin (SA-PE) conjugates. Following incubation at room temperature with shaking, the plate was washed three times with wash buffer and beads were resuspended in 125l assay buffer with shaking at 850rpm for 30s. The plate was then read on Bio-Plex system using Bio-Plex Manager software (v 6.0). Samples (pg/ml) were assessed in duplicate.
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[bookmark: _Toc383544610]Figure 19 Schematic representation of Bio-Plex sandwich immunoassay principle
The magnetic beads covalently bound to the capture antibodies react with the sample containing the biomarkers of interest. After the series of washes to remove the unbound protein, biotinylated detection antibody is added to create sandwich complex. The final detection complex is formed by the addition of streptavidin-phycoerythrin (SA-PE) conjugate, where PE serves as a fluorescent indicator/reporter (Bio-Plex Pro Diabetes Assay Instruction manual, Bio-Rad, Watford, UK).


[bookmark: _Toc383723876]2.4 Statistical analysis
All analyses were performed using GraphPad Prism software 6.0f version (GraphPad Inc, La Jolla, CA, USA). The results were presented as the mean ± standard error (SE). The Normal distribution of data was assessed using the Shapiro-Wilk normality test. Statistical significance was tested using parametric or non-parametric statistical tests. For comparing two groups, two-tail Student’s t-test (paired or unpaired) was used or Mann-Whitney test if the data were not normally distributed. For comparing more than two groups, two-way ANOVA (analysis of variance) was used with Tukey post-hoc test or Kruskal-Wallis test with Dunn’s post-hoc test if the data were not normally distributed to assess the effects of loading, fasting/feeding and their interactions within and across the experimental groups. The significance was set at p<0.05. 

[bookmark: _Toc383723877]

CHAPTER 3
The effect of mechanical loading on bone mass and architecture of fed or overnight fasted young mice











[bookmark: _Toc383723878]3.1 Introduction
The effects of mechanical loading on bone mass and architecture are widely studied on animal models. Various in vivo models of both increased and decreased mechanical loadings were designed to investigate bone’s adaptive response to mechanical loading similar to the physiological processes observed in humans. 

Invasive models of increased mechanical loading were used in variety of model organisms since 19th century (Riesenfeld, 1972, Goodship et al., 1979, Lanyon et al., 1982, Hille et al., 1988). More developed models of invasive loading involved surgical placement and embedding of the metal pins into the proximal and distal cortices of the long bones and application of axial loading between the pins (Hert et al., 1971, Lisková and Hert, 1971, Churches et al., 1979, Churches and Howlett, 1982, O'Connor et al., 1982). Rubin and Lanyon further adapted this model in 1980s by isolating the avian ulna and placing surgical pins into the either ends of central part of the ulna through which the loading was applied (Rubin and Lanyon, 1984, Rubin and Lanyon, 1985, Rubin and Lanyon, 1987). The main advantage of this model was that the peak strain, strain rates and loading cycles could be controlled allowing to apply more precise artificial loads. However, placement of metal pins into the bone could induce inflammatory reaction, therefore, only cortical bone in the diaphysis, away from the pins could be studied leaving out the trabecular bone in the epiphyseal areas.  

To overcome the limitations of invasive models, the non-invasive models of mechanical loading have been developed for use in rodents including four-point bending model (Turner et al., 1991), cantilever bending (Gross et al., 2002), treadmill exercise (Woo et al., 1981) and axial compression models of mechanical loading (De Souza et al., 2005a, Sugiyama et al., 2008, Moustafa et al., 2009, Sugiyama et al., 2010). The simple model of increased mechanical loading is treadmill exercise training model exploited over the years to study how bone adapts to its mechanical environment (Yeh et al., 1993, Bourrin et al., 1995, Turner and Robling, 2003, Iwamoto et al., 2004). The model allows mechanical forces derived from muscular contractions to increase strains on the skeleton and transmit ground force reactions along the length of the bones leading to adaptive changes both in cortical and trabecular bones. Although treadmill exercise is comparatively well-controlled model (duration of the exercise, speed and angle of the treadmill platform) (Turner and Robling, 2003) and exercise-engendered strains are measurable (Rubin and Lanyon, 1982), it is difficult to control inter-individual and experimental group variations.  

The non-invasive axial tibial loading model has been widely established in C57BL/6 mice and used in many laboratories, including ours, to investigate bone’s adaptive response to mechanical loading (Hillam and Skerry, 1995, Akhter et al., 1998, De Souza et al., 2005a, De Souza et al., 2005b, Sugiyama et al., 2010, Meakin et al., 2013). Therefore, this model was selected for use in the experiments described within this thesis. The main advantages of tibial loading model are that the strain stimulus can be controlled and both cortical and trabecular bone masses increase with mechanical loading (Sugiyama et al., 2008, Sugiyama et al., 2010). Several previous studies have determined ways to optimise the loading regimen design. Peak strain magnitude, strain distribution and rate are important components of the strain stimulus to engender osteogenic response to mechanical loading (O'Connor et al., 1982, Lanyon et al., 1982, Rubin and Lanyon, 1984, Rubin and Lanyon, 1987, Turner et al., 1995, Mosley and Lanyon, 1998). It was shown that continuous static loading does not elicit adaptive response in bones (Hert et al., 1971), whereas dynamic cyclic loading of the same bones with either trapezoidal, triangular or sinusoidal waveforms induces osteogenic response (De Souza et al., 2005a, Sugiyama et al., 2010, Zaman et al., 2010). Previous studies determined the number of loading cycles required to generate osteogenic response in bone. Rubin and Lanyon first demonstrated that 36 cycles of mechanical loading in a given loading episode was sufficient to stimulate maximal bone formation in isolated turkey ulna. Furthermore, increasing the number of loading cycles up to 1800 did not engender additional adaptive response in the ulnae (Rubin and Lanyon, 1984). Several studies revealed that adding rest periods between each loading cycle enhanced bone’s osteogenic response to loading both in young and aged mice suggesting that mechanical loading stimulus may saturate with continuously increasing number of loading cycles (Robling et al., 2000, Srinivasan et al., 2002). 

A well-established 2-week, three times weekly tibial axial loading protocol was chosen for mechanical loading experiments, which was previously shown to induce local anabolic responses both in cortical and trabecular bones, confined to the loaded tibiae (Sugiyama et al., 2010, McKenzie and Silva, 2011). Thus this model allows to use the contralateral tibiae as an internal non-loaded controls reducing the number of the experimental animals and increasing the statistical power.

Mechanical loading with maximum force of 13N and 40 trapezoidal shaped waveform cycles with 9s rest intervals between each cycle was used to engender maximal osteogenic response in young 19-week-old mouse right tibiae in each loading event (Rubin and Lanyon, 1984, Moustafa et al., 2009, Meakin et al., 2014). According to the previous studies, the longitudinal bone growth and peak bone density do not change significantly in mice after 4 months of age (Somerville et al., 2004). Since relatively low number of loading cycles is required to stimulate osteogenesis, for the first experiment the regimen of 20 cycles in each loading event was used. This also allowed to test the reliability of the old Instron servo-hydraulic loading machine used then by our laboratory before the new linear motor materials testing machine (ElectroForce 5500, Bose Co.) was purchased. 

To establish a robust model to study the effect of timing of feeding on bone’s response to loading we first assessed the effect of overnight, prolonged 16-hour food restriction on feeding behaviour of young male mice. C57BL/6 mice are most commonly used strains for energy homeostasis studies in rodents (Kohsaka et al., 2007, Agouni et al., 2010, Ayala et al., 2010, Hatori et al., 2012) and are shown to be most susceptible to diet-induced obesity (Collins et al., 2004, Champy et al., 2008). Male mice are often preferred for the behavioural assays over females because hormonal variations due to oestrous cycle could affect key determinants of energy balance (Asarian, 2006, Fernandez-Fernandez et al., 2006). 

The second aim was to assess the effect of overnight fasting on bones’ adaptive response to mechanical loading in young male mice. Although positive effects of caloric restriction on lifespan have been widely documented in various model organisms, it is also shown to be related to the bone loss in humans (Villareal et al., 2006). Several previous studies reported that food restriction in rodents led to decreased bone formation and increased bone resorption causing low bone strength and reduced skeletal growth (Hamrick et al., 2008a, Tatsumi et al., 2008, Devlin et al., 2010, Speakman and Mitchell, 2011, Hattori et al., 2014). However, few studies examined the combined effect of food restriction and mechanical loading on bone mass, density and strength in young male mice (Bodnar et al., 2012).

This chapter presents the results of 20 cycles and 40 cycles of mechanical loading of young 19-week-old C57BL/6 male mouse tibiae that had free access to food ad libitum (control, n=7) or were overnight (16-hour) fasted (n=7) in order to assess the effects of overnight fasting on feeding behaviour of mice and bone’s response to mechanical loading whose effects were altered by the number of load cycles.

The young adult male mice were housed individually to eliminate frequent fighting, which could be sufficient to engender strains in the tibiae that might be equal or exceed the ones derived from the axial mechanical loading ensuring physical activity was consistent between the experimental groups (Meakin et al., 2013). 
































[bookmark: _Toc383723879]3.2 Results
[bookmark: _Toc383723880]3.2.1 The effect of overnight fast on feeding behaviour of young male C57BL/6 mice 
Experimental details: The effect of prolonged 16-hour food restriction on feeding behaviour of individually housed 17-week-old male C57BL/6 mice was examined. Food intake was measured by monitoring the body weights of ad-lib fed (n=7) or overnight (16 hours) fasted mice (n=7) every 30 minutes for the first 3 hours and every hour for another 4 hours twice weekly for a week. The amount of food consumed as grams per experiment was measured by pre weighing normal chow at the start and monitoring the weights of the remaining food in each cage at the end of the experiments. The faecal output was also monitored by weighting dry faecal pellets of each mouse at the end of the experiments. The nesting material, wood shavings and bedding were removed from the cages prior the experiment, as detailed in section 2.1.2, to ensure that the hungry mice could not chew or consume non-food materials.

[bookmark: _Toc300073351]Food introduction following 16-hour food restriction resulted in significantly increased food intake for approximately 2 hours in overnight fasted 17-week-old young mice compared with the animals that had unrestricted access to a normal chow ad libitum (mean ± SE; 2.6±0.4g versus 0.6±0.2g, p<0.001) (Figure 20B). Following overnight 16-hour food restriction fasted mice weighed 10.5±0.8% less compared with their pre-fasted body weights (p<0.0001) and 7.0±0.8% less than those in ad-lib fed control group (p<0.0001). After introduction of food, the body weights of the mice in the fasted group rose significantly faster than that in the control ad-lib fed group (Figure 20A). As expected, the dry faecal output of ad-lib fed mice was around 42±0.06% (p<0.01) more compared with that of fasted fed mice as mice in control group had unrestricted access to food throughout the entire experiment (Figure 20C).
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[bookmark: _Toc383544611]Figure 20 Body weights (A), food intake (B) and faecal output (C) of fed or overnight fasted young male C57BL/6 mice 
In total 14 mice were randomly divided into two groups; control ad-lib fed (n=7) or overnight 16-hour fasted (n=7) at 17 weeks of age. The body weights of mice were measured for 7hrs following overnight fast to monitor food intake of the animals. The proportions of the starting pre-fasted body weights (%)  ± SE are shown (A). Following overnight 16-hour prolonged food restriction fasted mice consumed more food compared with the mice in the control group that had free access to food ad-lib (B). Faecal output was significantly more in the mice that had unrestricted access to food throughout the experiment compared with the fasted fed mice (C). Bars represent mean±SE
Data is analysed by two-way ANOVA with Tukey post-hoc test (A) or two-tail unpaired Student’s t-test (B, C). * Indicates significant differences between fed and fasted fed groups (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001)



[bookmark: _Toc383723881]3.2.2 The effect of 20 cycles mechanical loading with 13N force on tibial cortical bone mass and architecture of fed or overnight fasted young mice
Experimental details: To determine the effects of prolonged 16 hours fasting on bone’s adaptive osteogenic response to mechanical loading in young 17-week-old male C57BL/6 mice, first the regimen of 20 cycles with a peak force of 13N in each loading event was applied 3 times weekly for 2 weeks. The fluorochrome label calcein was administered subcutaneously into the mice to mark the sites of new bone formation at the start and end of the experiment (Hillam and Skerry, 1995). Mice were culled and responses of bones to loading were determined by CT. 

The lengths of right and left tibiae of all the mice were also measured following dissections at the end of the experiment using CT. The lengths of loaded right and unloaded left tibiae were not significantly different within or between the groups of fasted and ad-lib fed mice (ad-lib fed 17.7±0.1mm versus 17.8±0.08mm; fasted 17.9±0.03mm versus 18.1±0.06mm p>0.05), Figure 21. 

Mechanical loading caused significant adaptive responses in the loaded right tibiae of mice compared with the unloaded left tibiae. The cortical bone thickness of loaded right tibiae of fasted mice significantly increased by 10% compared with the cortical thickness of the unloaded left tibiae of those mice, whereas the cortical thickness of right tibiae of ad-lib fed mice siginificantly increased by 9.5% compared with that of unloaded left controls. There were no significant differences in cortical bone thicknesses of the loaded right tibiae between the fed mice and those fasted overnight before the loading. 

In fasted mice Ct.Th of the right tibiae compared with the left ones increased by 0.23±0.003mm versus 0.21±0.003mm (p<0.05), whereas in ad-lib fed mice increase in cortical thickness of the right tibiae compared with the left tibiae was by 0.23±0.004mm versus 0.21±0.006mm (p<0.05), Figure 22D. There were no significant differences in other cortical bone parameters including cortical bone area, tissue area and marrow area (Ct.Ar, Tt.Ar and Ma.Ar) within and between the experimental groups (p>0.05), Figure 22A-C.
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[bookmark: _Toc383544612]Figure 21 Tibial lengths of ad-lib fed or overnight fasted young male C57BL/6 mice 
The effect of mechanical loading and overnight fast on left control and right loaded tibial length. There were no significant differences in lengths of loaded right and unloaded left tibiae within or between the groups of fasted and ad-lib fed mice. Bars represent mean±SE
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[bookmark: _Toc300073354]Figure 22 Cortical bone mass and architecture measured at the mid-shaft region of the left non-loaded (control) and right loaded tibiae with 20 cycles of loading regimen of 19-week-old fed (n=7) or overnight fasted (n=7) male mice 
Loading regimen of 20 cycles with 13N force induced significant increase in Ct.Th in right loaded tibiae compared with the left unloaded tibiae within both fed and fasted groups (D). There were no significant differences in any other cortical bone parameters measured within and between the experimental groups (A-C). Bars represent mean ±SE. * p<0.05
[bookmark: _Toc383723882]3.2.3 The effect of 20 cycles mechanical loading with 13N force on tibial trabecular bone mass and architecture of fed or overnight fasted young mice
Trabecular bone volume fraction significantly increased by 32% in the loaded right tibiae of fed and 35% of fasted mice compared with the unloaded left controls, but there were no significant differences in trabecular bone volumes between right tibiae of fed mice and those fasted overnight before mechanical loading. 

In fasted mice, the increase in trabecular BV/TV in the right tibiae compared with the non-loaded control left tibiae was 12.2±0.7% versus 9.0±0.6% (p<0.01) compared with 12.6±0.5% versus 9.5±0.7% (p<0.01) in the fed groups, Figure 23A. There were no significant differences in other trabecular parameters including trabecular number, pattern factor and thickness (Tb.N, Tb.Pf and Tb.Th) within and between the experimental groups (p>0.05), Figure 23B-D.
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[bookmark: _Toc383544614]
Figure 23 Trabecular bone mass and architecture measured at the proximal region of the left non-loaded (control) and right loaded tibiae with 20 cycles of loading regimen of 19-week-old fed (n=7) or overnight fasted (n=7) male mice 
Loading regimen of 20 cycles with 13N force induced significant increase in trabecular BV/TV in right loaded tibiae compared with the left unloaded tibiae within the both experimental groups (A). There were no significant differences in any other trabecular bone parameters measured within and between the fed and overnight fasted groups (B-D). Bars represent mean±SE. ** p<0.01


[bookmark: _Toc383723883]3.2.4 The effect of 40 cycles of mechanical loading with 13N force on tibial cortical bone mass and architecture of fed or overnight fasted young mice
Experimental details: Overnight fasting neither potentiated nor inhibited bone’s response to 20 cycles of mechanical loading in mice within a 2-week period of time. Therefore, next the effect of mechanical loading with a peak force of 13N and the regimen of 40 cycles in each loading event on the right tibiae of fed or overnight 16-hour fasted 17-week-old male C57BL/6 mice was measured that was shown previously to engender utmost osteogenic response (maximal) compared to other loading regimens (Rubin and Lanyon, 1984). Results were obtained from the analysis of high resolution (pixel size 4.3m) CT scans. 

Maximal loading caused a significant adaptive response in the loaded tibiae within both fed and fasted groups. Cortical bone area of the right loaded tibiae compared with the left tibiae significantly increased by 9% in fed animals and by 11% in fasted animals, whereas cortical thickness of the right tibiae in ad-lib fed mice significantly increased by 12% and by 14% in fasted mice compared with the left unloaded controls. 

Mechanical loading induced significant increase in Ct.Ar of the right loaded tibiae compared with the contralateral non-loaded tibiae in fasted (0.76±0.01mm3 versus 0.68±0.01mm3, p<0.01) and fed groups (0.73±0.01mm3 versus 0.67±0.02mm3, p<0.05), Figure 24A. Ct.Th of the right tibiae in comparison to the left tibiae increased by 0.26±0.009mm versus 0.23±0.003mm (p<0.01) in overnight fasted mice compared with 0.25±0.006mm versus 0.22.5±0.002mm (p<0.05) in the fed mice, but there were no significant differences in Ct.Th of loaded right tibiae between the two groups, Figure 24D. There were no significant differences in other cortical bone parameters including Tt.Ar and Ma.Ar within and between the fed mice and those fasted overnight for 16 hours before the loading (p>0.05), Figure 24B, C.
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[bookmark: _Toc383544615]Figure 24 Cortical bone mass and architecture measured at the mid-shaft region of the left non-loaded (control) and right loaded tibiae with 40 cycles of loading regimen of 19-week-old fed (n=7) or overnight fasted (n=7) male mice 
Loading regimen with a peak force of 13N and 40 cycles induced increase in Ct.Ar and Ct.Th of the right loaded tibiae compared with the left unloaded tibiae within both ad-lib fed and fasted groups (A, D). There were no significant differences in any other cortical bone parameters measured within and between the experimental groups (A-D).
Bars represent mean ±SE. * p<0.05, ** p<0.01
[bookmark: _Toc383723884]3.2.5 The effect of 40 cycles of mechanical loading with 13N force on tibial trabecular bone mass and architecture of fed or overnight fasted young mice
The trabecular bone volume fraction significantly increased by 65% in the loaded right tibiae of ad-lib fed mice compared with 49% increase in that of the fasted mice. Trabecular thickness increased by 35% in the right tibiae of ad-lib fed mice and by 38% in the right tibiae of fasted mice compared with the unloaded left legs within both groups. Trabecular pattern factor decreased by approximately 33% and 23% in the loaded right tibiae compared to the left non-loaded controls in fed and fasted groups respectively. 

In the fasted mice, the increase in trabecular BV/TV in the right tibiae compared with the non-loaded control left tibiae was 18.9±0.6% versus 12.7±0.5% (p<0.0001) compared with 19.1±0.6% versus 11.5±0.7% (p<0.0001) in the fed group, Figure 25A. Tb.Th of the right tibiae compared with the left controls increased in fasted mice by 0.055±0.002mm versus 0.04mm (p<0.0001) compared with 0.05 ± 0.001mm versus 0.037±0.002mm (p<0.0001) in the fed mice, Figure 25D. Tb.Pf decreased in the loaded right tibiae within fasted and fed groups compared to the left non-loaded tibiae (17.1±0.6mm-1 versus 22±0.9mm-1 (p<0.05) and 16.2±0.6 mm-1 versus 24.1±1.7 mm-1 (p<0.001) respectively), Figure 25C. There were no significant differences in Tb.N within and between the groups (p>0.05), Figure 25B.
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[bookmark: _Toc383544616]Figure 25 Trabecular bone mass and architecture measured at the proximal region of the left non-loaded (control) and right loaded tibiae with 40 cycles of loading regimen of 19-week-old fed (n=7) or overnight fasted (n=7) male mice 
Loading regimen with a peak force of 13N and 40 cycles induced increased trabecular BV/TV and Tb.Th and decreased Tb.Pf in the right loaded tibiae compared with the left unloaded tibiae within both fed and fasted groups (A, C, D), but there were no differences in loaded bones between the two groups. There were no significant differences in Tb.N within and between the experimental groups (B). Bars represent mean±SE.  * p<0.05, *** p<0.001, **** p<0.0001
[bookmark: _Toc383723885]3.3 Discussion 
[bookmark: _Toc383723886]3.3.1 Differences in feeding behaviour of fed and overnight fasted young male mice 
Overnight prolonged fasting had an impact on feeding behaviour of young male mice as expected (Ayala et al., 2010, Ellacott et al., 2010). Increased food intake, known as a hyperphagic response to correct their negative energy balance, was observed in 16-hour fasted mice for approximately 2 hours during re-feeding period compared with the ad-lib fed mice.  The body weights of overnight fasted mice rose significantly faster relative to the ad-lib fed mice (Figure 20).  This can be explained that an overnight fast may have stimulated catabolic state in mice leading to a state of starvation as mice mainly consume food at night. It was shown previously that overnight prolonged food deprivation reduced body weights of rodents by around 10-15%, which is consistent with our observations (Vermeulen et al., 1997, Ayala et al., 2006), Figure 20. The nesting material, wood shavings were removed from the cages prior the experiments as hungry animals may eat them ensuring the overnight fasted mice lost their weights due to the food deprivation. As energy stores were replenished restoring positive energy balance and body weights increased, the food intake of fasted mice reduced approximately 2 hours later, a process described as a homeostatic feeding response (Ellacott et al., 2010). Unsurprisingly, throughout the entire experiment the ad-lib fed mice excreted significantly more faeces than did overnight fasted fed mice due to the latter having restricted access to food overnight for 16 hours, Figure 20C. Although water was available at all times when feeding behaviour of mice was assessed, its consumption was correlated with the food intake and declined in fasted animals as observed throughout the experiment.

The feeding behaviour of mice is controlled and influenced by variety of factors that are not fully understood. Mice are nocturnal and mainly consume their food in frequent, small meals throughout the night during the dark cycle, whereas humans consume most of their food during the day in response of a range of physiological and psychological states (Kohsaka et al., 2007, Ellacott et al., 2010, Atalayer and Rowland, 2012, Longo and Mattson, 2014, Mattson et al., 2014). The metabolic rate of mice is higher than humans (Ayala et al., 2006, Andrikopoulos et al., 2008). These differences should be accounted for when using mice as a model of human eating behaviour. Albeit adult mice may exhibit variations in their body weights, calorie demands and food intakes, due to the use of inbred strains these variations should not have affected interpretation of our results. The limitations of this study include the length of time selected for the re-feeding period of the fasted mice. A more prolonged period of re-feeding following overnight fast would have led to the body weights of fasted fed mice return to their pre-fasted values (usually within 2-3 days) (Ellacott et al., 2010). However, the primary purpose of this study was to assess the feeding behaviour of free-fed and prolonged fasted fed young male mice and ultimately the timing of feeding required for fasted mice to deplete normal chow following overnight food restriction. Further studies could expand these experiments to include female mice since, like humans, body fat distribution and body compositions differ between male and female mice. 
[bookmark: _Toc383723887]3.3.2 Overnight fasting neither potentiates nor inhibits bone’s response to 20 cycles of mechanical loading in young male mice 
We used widely accepted method to apply non-invasive axial compressive loads on mouse tibiae to increase bone mass and architecture in structurally relevant locations mimicking osteogenic exercise (De Souza et al., 2005a, De Souza et al., 2005b, Sugiyama et al., 2008, Pierroz et al., 2012, Windahl et al., 2013, Weatherholt et al., 2013, Willie et al., 2013). As detailed in the introduction (section 3.1), the contralateral (left) tibiae were internal unloaded controls, which increased the statistical power and reduced the number of experimental animals.
Numerous previous studies of in vivo mechanical loading used several hundreds of loading cycles, which despite inducing new woven bone formation are most likely to result in inflammation (Lynch et al., 2011, Willie et al., 2013). In our pilot study the mechanical loading with 20 cycles regimen was sufficient to induce osteogenic adaptive responses in cortical thickness and trabecular bone volume fraction of right loaded tibiae of fed and overnight fasted groups of mice compared with the left unloaded controls (Figures 22 and 23). However, overnight fasting neither potentiated nor inhibited bone’s response to 20 cycles of mechanical loading between the fed mice and those starved overnight before the loading within a 2-week period of time. 

There were no significant differences in tibial longitudinal lengths of left control and right loaded tibiae of mice within or between the fed and fasted groups (Figure 21). This indicated that all groups had similar bone size, and applied dynamic loads did not affect the longitudinal lengths of young mouse tibiae. These findings are consistent with those reported by Sugiyama and colleagues (Sugiyama et al., 2012). Another study by Main et al. examined the effects of in vivo mechanical loading on tibial length of growing and mature female mice at 6, 10 and 16 weeks of age. They found that loaded tibiae of older groups of mice at 10 and 16 weeks of age were similar in length to the control tibiae (Main et al., 2014).
[bookmark: _Toc383723888]3.3.3 Mechanical loading regimen with 40 cycles induces osteogenic adaptive response in tibiae of young male mice 
While the relationship between components of mechanical loading regimen and their effectiveness in stimulating bone formation seems complex (Skerry, 1997), the number of loading cycles required to stimulate maximal adaptive response in bones have shown to be surprisingly small (Rubin and Lanyon, 1984). Due to significant osteogenic responses observed in cortical thickness and trabecular BV/TV of the right tibiae of fed or fasted young mice loaded with 20 cycles regimen, we next determined if maximal mechanical loading with 40 cycles of regimen would lead significant adaptive changes in other trabecular and cortical bone parameters. 

Loading regimen with 13N force, 40 cycles and 9s rest between each induced significant osteogenic response in the loaded tibiae within both fed and overnight fasted groups in 2-week time. Sensitive to mechanical loading, cortical bone area and cortical thickness of the right loaded tibiae compared with unloaded left controls increased significantly in both fed and fasted young male mice. However, there were no prominent changes between ad-lib fed and overnight fasted mice, Figure 24. Adaptive responses of cortical bone total cross sectional area inside the periosteum and bone marrow area to mechanical loading were not significant within and between the experimental groups.

Most of the trabecular bone parameters of the loaded tibiae changed significantly by maximal loading in both fed and fasted groups compared to the loading with 20 cycle regimen. In ad-lib fed and overnight fasted mice, trabecular bone volume fraction of the loaded right tibiae increased significantly compared with the non-loaded left controls (p<0.0001), Figure 25A. Similarly, trabecular thickness increased significantly within both experimental groups in response to the mechanical loading (p<0.0001), Figure 25D. Trabecular pattern factor decreased in the loaded right tibiae within both groups compared with the left non-loaded bones as expected since the parameter indicates how well connected the trabeculae are (Bouxsein et al., 2010). Significantly decreased trabecular pattern factor in the right tibiae of fasted mice revealed that new connections were formed in the network of the trabecular bone due to maximal mechanical loading (p<0.05), Figure 25C. There were no significant differences in trabecular number within the groups (Figure 25B) or in any trabecular parameters of the loaded tibiae between fed and fasted groups.
[bookmark: _Toc383723889]3.4 Conclusions 
This study presented the effect of overnight (16-hour) fasting on feeding behaviour of young 17-week-old male mice and mechanical loading regimens on tibiae of young fed or fasted male mice whose effects were altered by the number of loading cycles. It was apparent that following overnight starvation fasted mice exhibited significantly increased food intake for around 2 hours and weight gain compared with the ad-lib fed control mice.  In vivo mechanical loading with 13N force and 40 cycle regimen significantly enhanced cortical bone formation at the mid-shaft of the tibiae and modified trabecular bone architecture at the proximal site of the tibiae in young ad-lib fed and overnight 16-hour fasted male mice in comparison to the loading with 13N force and 20 cycle regimen. However, overnight prolonged fasting neither potentiated nor inhibited bone’s response to 20 or 40 cycles of mechanical loading in young male mice. 



















[bookmark: _Toc383723890]
CHAPTER 4
The effect of timing of feeding on bone mass and architecture of fed or overnight fasted young mice











[bookmark: _Toc383723891]4.1 Introduction
There are coordinated and reciprocal interlinks between endocrine system that regulates energy metabolism, adipose tissue and bone homeostasis (Ducy et al., 2000, Naot and Cornish, 2008, Perrini et al., 2010, Govoni, 2012, De Paula and Rosen, 2013) (Figure 26). As discussed in the previous chapters, exogenously applied mechanical loading that mimics exercise is a major anabolic factor that affects bone strength and microarchitecture in model organisms (Hillam and Skerry, 1995, Rubin et al., 2006, Skerry, 2006b, Sugiyama et al., 2010). 
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[bookmark: _Toc383544617]
Figure 26 Interactions between energy metabolism, adipose tissue and bone homeostasis revealed through the use of genetically modified mice
vdr null = Vitamin D receptor null mouse, fgr23 null = fibroblast growth factor 23 null mouse, leptin null = leptin null mouse, ob-∆IR= insulin receptor deletion in osteoblast 
Adapted from (De Paula and Rosen, 2013).
Undoubtedly, the effects of exercise on the skeleton are beneficial in that it can increase bone mass and reduce bone loss uncoupling bone formation and resorption processes and shifting the balance of bone remodelling in favour of bone formation. However, during ageing the skeletal resorption rates are increased with concurrent decrease in bone formation rates resulting in overall net bone loss (Parfitt, 1984, Chavassieux and Meunier, 2001). Therefore, it is hard for elderly adults and osteoporotic patients to exercise vigorously who are already at high risk of bone fractures, and there is need to identify the most effective ways to exercise with maximal benefits for musculoskeletal system.

Numerous previous studies determined interactions between diet and training exercise with particular emphasis on the effects of pre- and post exercise intake of different sources of dietary proteins or supplements on muscular hypertrophy and strength (Hartman et al., 2007, Wilkinson et al., 2007, Stark et al., 2012). However, there are no previous studies related to the specific synergistic interactions between bone’s response to exercise/loading and metabolic hormones regulated by timing of feeding. As discussed in the general introduction, central regulation of trophic factors and hormones has direct or indirect effects on bone physiology governed through various intermediary organ systems. Osteoregulatory hormones mediate diurnal variation of bone turnover response to feeding and fasting. Feeding modulates bone turnover shifting the balance to the advantage of bone formation over bone resorption. Several previous studies assessed osteoclastic bone resorption by measuring biomarkers of bone resorption including serum or urine C-terminal telopeptide (CTX) and N-terminal telopeptide (NTX) and revealed that food intake caused acute decrease in postprandial bone resorption, whereas fasting during sleep in humans resulted increase in nocturnal bone resorption (Blumsohn et al., 1994, Clowes et al., 2002, Henriksen et al., 2003b). However, the mechanisms underlying the acute effects of feeding and fasting on bone turnover are not fully understood. 
Bone is an endocrine organ affecting energy metabolism and other physiological functions (Ferron et al., 2008, Hinoi et al., 2009, Guntur and Rosen, 2012, Karsenty and Ferron, 2012, De Paula and Rosen, 2013). As discussed in section 1.1.1 osteocalcin, a bone derived multifunctional hormone, is shown to stimulate insulin secretion and β cell proliferation in pancreas, energy expenditure by muscle and insulin sensitivity in liver, muscle and white adipose tissue. Additionally, osteocalcin may regulate male fertility by stimulating testosterone synthesis in Leydig cells of testis, Figure 1 (Lee et al., 2007, Ferron et al., 2008, Oury et al., 2011, Karsenty, 2014). 

In addition to the age related changes in bone cells and local regulation of bone remodelling, ageing also affects systemic regulation of bone. The role of sex steroids including oestrogens and androgens in age related bone loss has been widely studied in women and men (Fujita et al., 2001, Windahl et al., 2002, Nilsson and Gustafsson, 2010, Sinnesael et al., 2012). During menopause, decline in circulating concentrations of oestrogen in women leads to the reduction of trabecular and cortical bone mass due to loss of suppressive effects of oestrogen on bone resorption (Riggs et al., 2002, Manolagas, 2010). The effect of testosterone on bone is similar to that of oestrogen. It reduces bone resorption and increases bone formation by stimulating osteoblast proliferation and supressing osteoclastogenesis and osteoblast apoptosis (Fujita et al., 2001, Khosla et al., 2001, Sinnesael et al., 2012). 

Parathyroid hormone (PTH) is one of the main and perhaps well-understood osteoregulatory hormones. The truncated version of PTH (teriparatide PTH (1-34)) is the only licenced anabolic treatment used intermittently for disorders of low bone mass including osteoporosis (Potts, 2005, Cranney et al., 2006, Tashjian and Gagel, 2006, Greenspan et al., 2007, Vestergaard et al., 2007, Schwarz et al., 2012). Replacement therapies with PTH peptides (recombinant human rhPTH (1-84)) have recently become available for management of hypoparathyroidism, a rare disorder of unbalanced mineral homeostasis characterised with absent or low levels of endogenous PTH (Bilezikian et al., 2016, Ruiye et al., 2016, Clarke et al., 2016). PTH is secreted from the chief cells of parathyroid glands in response to variations in extracellular calcium concentrations. Physiological role of PTH is to sustain extracellular calcium concentrations within a narrow range and as stable as possible due to high sensitivity of variety cells and organ systems including CNS, muscle, endocrine glands to its small variations. PTH directly acts on bone to increase bone turnover promoting bone resorption and resulting in the release of skeletal calcium and phosphorus into the circulation. PTH also increases renal tubular calcium reabsorption and phosphate excretion in the urine. It enhances transepithelial absorption of dietary calcium and phosphate from the intestine through vitamin D-dependent transport system (Shoback, 2008, Bilezikian et al., 2011).

Although PTH released from the parathyroid gland increases bone resorption, intermittent administration of the hormone has anabolic skeletal effect due in part to provoking transient increase in the RANKL/OPG ratio (Ma et al., 2001, Onyia et al., 2005, Li et al., 2007). It has clinically proven that treatment with iPTH increased cortical bone thickness at specific skeletal sites. The site specificity was attributed to the differences in bones’ local mechanical microenvironment (Skerry, 2006b, Compston, 2007, Lindsay et al., 2007). Several previous studies reported that anabolic effects of iPTH are reduced under conditions of low physical activity (Tanaka et al., 2004, Robbins et al., 2007). Therefore, neither endocrine influences nor central regulators provide ultimate control of bone mass but the mechanical factors that contribute critically to bone’s adaptive response. 

In the previous chapter we showed that overnight prolonged fasting neither potentiated nor inhibited bone’s response to 20 or 40 cycles of maximal mechanical loading in young male mice. Our next aim was to determine the osteogenic effects of maximal mechanical loading on tibiae of young male mice after different periods of withholding food or feeding, where we expected altered concentrations of gastrointestinal hormones. 





















[bookmark: _Toc383723892]4.2 Results
[bookmark: _Toc383723893]4.2.1 The effect of maximal mechanical loading on tibial cortical bone mass and architecture of fed or fasted 2-hour fed young mice
In the previous study, during the re-feeding period almost two-hour hyperphagic response was observed in overnight (16-hour) fasted young mice.  Therefore, next we determined the ability of food ingestion following overnight fast to potentiate osteogenic effects of maximal mechanical loading in the tibiae of young male mice.

Experimental details: Groups of 17-week-old C57BL/6 male mice (n=7) were either fasted overnight (16-hour) or allowed free access to food ad libitum. At the end of fasting, those mice were given access to food for 2 hours. All mice then underwent axial loading of the right tibiae with a peak force of 13N, 3 times weekly for 2 weeks using ElectroForce 5500 linear motor materials testing machine (40 cycles of loading with 9s rest periods between each, see section 2.1.3). Left tibiae were non-loaded controls in each animal. Calcein was administrated at the start and end of experiment as previously described.  Response of bones to loading under different conditions was determined by CT and dynamic histomorphometry. 

Loading caused significant adaptive responses in cortical and trabecular bone of the loaded right tibiae compared with unloaded left controls in both fed or fed for 2 hours following overnight fast experimental groups. The morphological changes of the loaded and non-loaded tibiae of fed and fasted fed mice were compared using CT 3D models of the whole bone scanned at a resolution of 17.2m (Figure 27). The quantitative data are summarised in the Table 2.
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[bookmark: _Toc383544618]Figure 27 The whole bone response to mechanical loading
Representative 3D models of loaded and non-loaded whole tibiae of ad-lib fed and fasted 2-hour fed mice reconstructed from CT images. Scale bar = 2.0mm



Cortical bone area significantly increased by 10% in fed and 17% in fasted fed mice compared to the non-loaded left controls. Cortical thickness of the loaded right tibiae increased by 14% in fed mice and 23% in fasted 2-hour fed mice compared to the non-loaded left tibiae. More importantly, the change in cortical thickness induced by maximal loading was 67% greater in animals that were fasted then fed for 2 hours than in the loaded bones of animals fed ad-lib before loading (Figure 28). 
 
Loading induced significant increase in Ct.Ar of the right loaded tibiae compared with the contralateral non-loaded tibiae in fed for 2 hours following long fast (0.75±0.01mm2 versus 0.64±0.02mm2, p<0.001) and ad-lib fed mice (0.71±0.01mm2 versus 0.64±0.01mm2, p<0.01), but there were no differences between the two groups (Figure 30A). Ct.Th measured by CT at the mid-shaft of the tibiae revealed that both fed and fasted fed mice had significantly increased cortical bone thickness in the loaded right tibiae compared with the left non-loaded controls (fasted fed: 0.27±0.007mm versus 0.22±0.003mm, p<0.0001; ad-lib fed: 0.25±0.002mm versus 0.22±0.004mm, p<0.001). Compared with the osteogenic response of the right loaded tibiae of the fed mice, fasted fed mice had significantly greater response in Ct.Th of the right tibiae (p<0.05) (Figure 30D). There were no significant differences in Tt.Ar (fasted fed: 1.19±0.03mm2 versus 1.13±0.05mm2; ad-lib fed: 1.18±0.02mm2 versus 1.13±0.02mm2, p>0.05) and Ma.Ar (fasted fed: 0.45±0.02mm2 versus 0.48±0.03mm2; ad-lib fed: 0.46±0.01mm2 versus 0.49±0.02mm2, p>0.05) within and between the experimental groups, Figures 30B and 30C. 

The structural changes of the cortical bone of loaded tibiae, the thicker cortical bone and areas of woven bone are visible in the 3D model images from both fed and fasted fed mice, Figure 29.
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[bookmark: _Toc383544619]Figure 28 Cortical bone respose to mechancal loading at the mid-shaft of the tibia
3D model of mouse tibia indicating the region analysed for the cortical bone parameters (1mm in thickness, mid-shaft 9.0mm below the growth plate) (A). The cross sections of CT images of loaded and non-loaded tibiae of fed and fasted 2-hour fed mice at the mid-shaft (B). The newly deposited bone is seen in endocortical and predominantly in posterior periosteal surfaces of the loaded tibiae in fasted 2-hour fed mice. Some periosteal new bone formation is also seen in the loaded tibiae of fed mice. Scale bar = 200μm








              

[bookmark: _Toc383545828]Table 2 Quantitative results of CT analysis of tibial cortical and trabecular bone parameters after maximal mechanical loading of fed or fed for 2 hours following overnight fast young male mice
	
	Fed
	Fasted Fed 2hrs

	
	Loaded
	Non-loaded
	p value
	Loaded
	Non-loaded
	p-value

	Cortical bone
	
	
	
	
	
	

	Ct.Ar (mm2)
	0.71±0.01
	0.64±0.01
	b
	0.75±0.01
	0.64±0.02
	c

	Tt.Ar (mm2)
	1.18±0.02
	1.13±0.02
	
	1.19±0.03
	1.13±0.05
	

	Ma.Ar (mm2)
	0.46±0.01
	0.49±0.02
	
	0.45±0.02
	0.48±0.03
	

	Ct.Th (mm)
	0.25±0.002
	0.22±0.004
	c
	0.27±0.007
	0.22±0.003
	d

	Trabecular bone
	
	
	
	
	
	

	BV/TV (%)
	18.42±0.9
	12.36±0.6
	d
	17.81±0.5
	11.56±0.4
	d

	Tb.Th (mm)
	 0.05±0.001
	0.03±0.002
	d
	 0.05±0.002
	0.04±0.002
	d

	Tb.N (mm-1)
	3.61±0.2
	3.48±0.2
	
	3.38±0.1
	3.02±0.2
	

	Tb.Pf (mm-1)
	15.08±0.9
	21.31±1.1
	a
	16.43±1.2
	24.06±1.9
	b




Ct.Ar = cortical bone area; Tt.Ar = total cross-sectional area; Ma.Ar = marrow area; Ct.Th = cortical thickness; BV/TV = trabecular bone volume; Tb.Th = trabecular thickness; Tb.N = trabecular number; Tb.Pf = trabecular pattern factor
Values are mean±SE. a p<0.05, b p<0.01, c p<0.001, d p<0.0001
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[bookmark: _Toc383544620]Figure 29 Cortical bone response to mechanical loading
Representative 3D images of 1mm-thick cortical bone region 9.0mm below the growth plate from the mid-shaft of loaded (right) and non-loaded tibiae (left) of fed and fed for 2 hours following overnight fast young male mice. The contralateral non-loaded left tibiae were used as internal controls. Scale bar = 100μm
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[bookmark: _Toc383544621]Figure 30 Cortical bone mass and architecture measured at the mid-shaft region of the left non-loaded (control) and right loaded tibiae with maximal loading regimen of 19-week-old fed (n=7) or overnight fasted 2-hour fed (n=6) male mice 
Mechanical loading induced significant increase in Ct.Ar and Ct.Th in the right loaded tibiae compared with the left unloaded tibiae in both groups (A, D), but fasted fed mice had significantly greater response in Ct.Th of the right tibiae compared with that of the fed mice (D). There were no significant differences in Tt.Ar and Ma.Ar measured within and between the experimental groups (B, C). Bars represent mean±SE. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
[bookmark: _Toc383723894]4.2.2 Rate and extent of the mineralisation induced by maximal mechanical loading of fed or fed for 2 hours following overnight fast young mice

Double calcein labels, injected 14 and 2 days prior the euthanasia, can be visualised on both periosteal and endocortical surfaces of the mid-shaft of young male mice tibiae using confocal microscope (Figure 31). Calcein labels on periosteal and endocortical surfaces were measured to calculate bone formation parameters including total mineralising surface (MS), mineral apposition rate (MAR) and bone formation rate (BFR/BS). The quantitative data are summarised in Table 3. All three parameters were significantly increased in the loaded tibiae of fasted 2 hours fed mice compared with the non-loaded control tibiae. MS and MAR were significantly increased in loaded tibiae of fed mice compared with the non-loaded controls, however, BFR/BS in loaded right tibiae of fed mice increased but not significantly from the left non-loaded tibiae (Table 3). 

To determine whether the response of the loaded tibiae were different between fed and fasted fed groups, the change in bone formation parameters of the right tibiae compared to the contralateral non-loaded left tibiae was analysed (Figure 32). Consistent with the CT analysis, there was significant increase in loaded tibiae MAR and BFR/BS of fasted 2-hour fed mice compared with that of loaded tibiae of fed mice (MAR: 4.83±0.89µm/d versus 1.68±0.18µm/d, p<0.01; BFR/BS: 3.55±0.85µm3/µm2/d versus 0.92±0.09µm3/µm2/d, p<0.01) (Figure 32B, C). MS in the right tibiae of fasted fed mice increased compared to the loaded tibiae of fed mice, but did not reach statistical significance (0.75±0.13% versus 0.48±0.05%, p>0.05) (Figure 32A). 
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[bookmark: _Toc383544622]Figure 31 Transverse cortical bone confocal microscope images from the mid-shaft of left non-loaded (control) and right loaded tibiae of 19-week-old fed (top) or fed for 2 hours following overnight fast (bottom) male mice showing green double calcein labels
Calcein labelling was used to determine the bone formation on both endocortical and periosteal surfaces. Double calcein labels can be visualised on endocortical and periosteal surfaces of the loaded tibiae confirming new bone formation at these sites. Scale bar = 200m








[bookmark: _Toc383545829]Table 3 Quantitative results of tibial endocortical and periosteal dynamic histomorphometry of fed or fed for 2 hours following overnight fast young male mice
	
	
	Fed

	
	
	Fasted Fed 2hrs
	

	
	Loaded
	Non-loaded

	p value
	Loaded
	Non-loaded
	p-value

	MS (%)


	1.03±0.02
	0.55±0.06
	b
	1.35±0.15
	0.6±0.05
	d

	MAR (µm/day)


	2.0±0.13
	0.33±0.15
	a
	4.9±0.8
	0.07±0.06
	d

	BFR/BS (µm3/µm2/day)


	1.04±0.07
	0.12±0.06
	
	3.57±0.8
	0.02±0.01
	d




MS = mineralising surface; MAR = mineral apposition rate; BFR/BS = bone formation rate
Values are mean±SE. a p<0.05, b p<0.01, d p<0.0001
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[bookmark: _Toc383544623]Figure 32 Change of loaded tibial bone formation parameters compared with the non-loaded (control) tibiae of 19-week-old fed (n=6) or overnight fasted 2-hour fed (n=5) male mice 
Change in mineral apposition rate (MAR) (B) and bone formation rate (BFR/BS) (C) of loaded right tibiae was significantly higher compared with non-loaded left controls. Mineralising surface (MS) in loaded tibiae of fasted 2-hour fed mice increased but not significantly from ad-lib fed mice (A). 
Bars represent mean±SE. ** p<0.01

[bookmark: _Toc383723895]
4.2.3 The effect of maximal mechanical loading on tibial trabecular bone mass and architecture of fed or fasted 2-hour fed young mice
Analysis of high resolution (4.3m) CT scans of the trabecular bone structure of proximal tibial region revealed that both fed and fasted fed mice had significantly increased trabecular bone volume fraction and thickness, and decreased pattern factor in the loaded tibiae compared to the internal non-loaded controls. 

The trabecular BV/TV increased significantly by 48% of the loaded right tibiae in fed group and 53% in fasted fed group compared with the left non-loaded tibiae. Tb.Pf of the loaded right tibiae decreased significantly by 29% and 32% in fed and fasted fed groups respectively compared with the left non-loaded controls. Tb.Th of the right loaded tibiae increased significantly by 59% in fed and 34% in fasted fed mice compared with the non-loaded left tibiae. There were no significant differences in Tb.N between the bones of fed mice and those fed for 2 hours following overnight fast (Table 2, section 4.2.1).  

When compared with trabecular bone parameters from the non-loaded (control) tibiae, BV/TV of the right loaded tibiae was significantly increased in fasted fed mice (17.8±0.5% versus 11.6±0.4%, p<0.0001) compared with ad-lib fed mice (18.4±0.9% versus 12.4±0.6%, p<0.0001) (Figure 34A), whereas Tb.Th of the right tibiae in fasted fed mice increased by 0.05±0.002mm versus 0.04mm±0.002mm, p<0.0001 compared with the increase in the fed group (0.05±0.001mm versus 0.03±0.002mm, p<0.0001) (Figure 34D). Tb.Pf of the loaded right tibiae significantly decreased in both fasted fed and fed groups compared to the left non-loaded tibiae (16.4±1.2mm-1 versus 24.1±1.9mm-1, p<0.01 and 15.1±0.9mm-1 versus 21.3±1.1mm-1, p<0.05 respectively) (Figure 34C). The increase of Tb.N of loaded right tibiae in both groups was not significantly higher than the non-loaded left controls (fasted fed: 3.4±0.1mm-1 versus 3.0±0.2mm-1, p>0.05; fed: 3.6±0.2mm-1 versus 3.5±0.2mm-1, p>0.05) (Figure 34B).

The increase in load-related response of right tibial trabecular bone parameters of fasted fed mice was higher, but not significantly from the loaded right tibiae of fed mice. The structural changes of the trabecular bone of loaded tibiae, the thicker trabeculae are visible in the 3D model images from both fed and fasted fed mice, Figure 33.
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[bookmark: _Toc383544624]Figure 33 Trabecular bone response to mechanical loading
Representative 3D images of 1mm-thick trabecular bone region 0.2mm below the growth plate of loaded (right) and non-loaded tibiae (left) of fed and fed for 2 hours following overnight fast young male mice. The contralateral non-loaded left tibiae were used as internal controls. Scale bar = 100m
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[bookmark: _Toc383544625][bookmark: _Toc300073360]Figure 34 Trabecular bone mass and architecture measured at the proximal region of the left non-loaded (control) and right loaded tibiae with maximal loading regimen of 19-week-old fed (n=7) or overnight fasted 2-hour fed (n=6) male mice 
Mechanical loading induced significant increase in trabecular BV/TV and Tb.Th and decrease in Tb.Pf in the right loaded tibiae compared with the left unloaded tibiae in both groups (A, C, D), but there were no significant differences between the two groups. There was no significant increase in Tb.N measured within and between the experimental groups (B). Bars represent mean±SE. 
* p<0.05, ** p<0.01, **** p<0.0001

[bookmark: _Toc383723896]4.2.4 The effect of maximal mechanical loading on tibial cortical bone mass and architecture of fed or fasted 1-hour fed young mice
Experimental details: We determined that food ingestion for 2 hours following overnight fast altered bone’s adaptive response to maximal mechanical loading with 13N force in 19-week-old male C57BL/6 mice. To explore intricate interactions between mechanical loading and feeding/fasting and determine the optimal timing of feeding we next examined the effect of 1-hour food ingestion following overnight 16 hours long fast on bone’s osteogenic response to 2-week maximal mechanical loading in young male C57BL/6 mice. 

Ct.Ar measured by CT at the mid-shaft of the right loaded tibiae significantly increased by 17% in fed mice (p<0.001) and by 10% in fasted 1-hour fed mice (p<0.05) compared with the left non-loaded tibiae (Figure 35A), whereas Ct.Th of the right tibiae significantly increased by 17% in ad-lib fed mice (p<0.001) and by 13% in fasted 1-hour fed mice (p<0.01) compared with the left non-loaded controls (Figure 35D). Tt.Ar increased and Ma.Ar decreased in the right tibiae of fed and fasted 1-hour fed mice, but not significantly from the left control tibiae (p>0.05), Figure 35B, C. 

Unlike the previous study, there were no significant differences in any cortical bone parameters of the loaded right tibiae between the two experimental groups (Figure 35). The quantitative data are summarised in the Table 4. 








[bookmark: _Toc383545830]Table 4 Quantitative results of CT analysis of tibial cortical and trabecular bone parameters after maximal mechanical loading of fed or fed for 1 hour following overnight fast young male mice

	
	Fed
	Fasted Fed 2hrs

	
	Loaded
	Non-loaded
	p value
	Loaded
	Non-loaded
	p-value

	Cortical bone
	
	
	
	
	
	

	Ct.Ar (mm2)
	0.77±0.01
	0.66±0.01
	c
	0.75±0.009
	0.68±0.02
	a

	Tt.Ar (mm2)
	1.23±0.03
	1.15±0.03
	
	1.22±0.02
	1.18±0.04
	

	Ma.Ar (mm2)
	0.46±0.01
	0.49±0.02
	
	0.45±0.02
	0.48±0.03
	

	Ct.Th (mm)
	0.26±0.004
	0.23±0.005
	c
	0.27±0.007
	0.23±0.003
	b

	Trabecular bone
	
	
	
	
	
	

	BV/TV (%)
	13.15±0.42
	9.62±0.3
	d
	12.79±0.43
	9.3±0.4
	d

	Tb.Th (mm)
	0.04±0.002
	0.034±0.002
	
	0.04±0.002
	0.031±0.001
	

	Tb.N (mm-1)
	3.69±0.14
	3.14±0.19
	
	3.64±0.14
	3.05±0.16
	

	Tb.Pf (mm-1)
	2.13±1.23
	20.72±2.69
	d
	3.56±1.71
	20.94±1.7
	d




Ct.Ar = cortical bone area; Tt.Ar = total cross-sectional area; Ma.Ar = marrow area; Ct.Th = cortical thickness; BV/TV = trabecular bone volume; Tb.Th = trabecular thickness; Tb.N = trabecular number; Tb.Pf = trabecular pattern factor
Values are mean±SE. a p<0.05, b p<0.01, c p<0.001, d p<0.0001
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[bookmark: _Toc383544626]Figure 35 Cortical bone mass and architecture measured at the mid-shaft region of the left non-loaded (control) and right loaded tibiae with maximal loading regimen of 19-week-old fed (n=7) or overnight fasted 1-hour fed (n=7) male mice 
Mechanical loading induced significant increase in Ct.Ar and Ct.Th in the right loaded tibiae compared with the left unloaded tibiae in both groups (A, D), but there were no significant differences between the groups. There were no significant differences in Tt.Ar and Ma.Ar measured within and between the experimental groups (B, C). 
Bars represent mean±SE. * p<0.05, ** p<0.01, *** p<0.001
[bookmark: _Toc383723897]4.2.5 The effect of maximal mechanical loading on tibial trabecular bone mass and architecture of fed or fasted 1-hour fed young mice
Maximal mechanical loading caused significant adaptive response in trabecular bone of loaded right tibiae of mice compared with the unloaded left tibiae. The quantitative data are summarised in the Table 4 (section 4.2.4). 

Trabecular BV/TV significantly increased by 37% in the loaded tibiae of fed mice (p<0.0001) and by 38% of fasted 1-hour fed mice (p<0.0001) compared with the unloaded left controls, Figure 36A. Tb.Pf significantly decreased by around 90% in the right tibiae of fed mice (p<0.0001) and by 83% of fasted 1-hour fed mice (p<0.0001) compared with the contralateral unloaded left tibiae, Figure 36C. Tb.N and Tb.Th of the right loaded tibiae of fed and fasted 1-hour fed mice increased, but not significantly from unloaded left tibiae (p>0.05), Figure 36B, D. 

Similar to the previous study there were no significant differences in any analysed trabecular parameters between right tibiae of fed mice and those fed for 1 hour following overnight fast before mechanical loading (Figure 36). 
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[bookmark: _Toc383544627]
Figure 36 Trabecular bone mass and architecture measured at the proximal region of the left non-loaded (control) and right loaded tibiae with maximal loading regimen of 19-week-old fed (n=7) or overnight fasted 1-hour fed (n=7) male mice 
Mechanical loading induced significant increase in trabecular BV/TV and decrease in Tb.Pf in the right loaded tibiae compared with the left unloaded tibiae in fed and fasted 1-hour fed mice  (A, C), but there were no significant differences between the two groups. There were no significant differences in Tb.N and Tb.Th measured within and between the experimental groups (B, D). 
Bars represent mean±SE. **** p<0.0001

[bookmark: _Toc383723898]4.2.6 The effect of maximal mechanical loading on tibial cortical bone mass and architecture of fed or fasted 3-hour fed young mice
Experimental details: We next examined the effect of 3 hours prolonged food ingestion following overnight (16-hour) fast on bone’s response to 2-week mechanical loading in young male C57BL/6 mice in order to determine whether response of bones to mechanical loading with maximal osteogenic effects was different depending on the timing of food ingestion following 16-hour fast. 

As reported in the previous study (section 4.2.4), maximal mechanical loading caused similar significant adaptive response in cortical bone of loaded right tibiae of mice compared with contralateral non-loaded left controls. However, there were no significant differences in any cortical bone parameters of the loaded right tibiae between the experimental groups (Figure 37). The quantitative data are summarised in the Table 5. 

Ct.Ar significantly increased by 17% in ad-lib fed mice (p<0.001) and by 10% in fasted 3-hour fed mice (p<0.01) compared with the left non-loaded tibiae (Figure 37A), whereas Ct.Th of the right tibiae significantly increased by 17% in ad-lib fed mice (p<0.0001) and by 13% in fasted 3-hour fed mice (p<0.01) compared with the left non-loaded controls (Figure 37D). Tt.Ar increased and Ma.Ar decreased in the right tibiae of fed mice and those that were fed for 3 hours following overnight fast, but not significantly from the left control tibiae (p>0.05), Figure 37B, C.







[bookmark: _Toc383545831]Table 5 Quantitative results of CT analysis of tibial cortical and trabecular bone parameters after maximal mechanical loading of fed or fed for 3 hours following overnight fast young male mice

	
	Fed
	Fasted Fed 2hrs

	
	Loaded
	Non-loaded
	p value
	Loaded
	Non-loaded
	p-value

	Cortical bone
	
	
	
	
	
	

	Ct.Ar (mm2)
	0.77±0.01
	0.66±0.01
	c
	0.75±0.007
	0.68±0.02
	b

	Tt.Ar (mm2)
	1.23±0.03
	1.15±0.03
	
	1.22±0.02
	1.18±0.03
	

	Ma.Ar (mm2)
	0.46±0.03
	0.48±0.02
	
	0.47±0.02
	0.50±0.01
	

	Ct.Th (mm)
	0.27±0.008
	0.23±0.003
	d
	0.26±0.004
	0.23±0.004
	b

	Trabecular bone
	
	
	
	
	
	

	BV/TV (%)
	14.7±0.49
	9.93±0.37
	d
	14.02±0.71
	9.71±0.65
	d

	Tb.Th (mm)
	0.04±0.001
	0.03±0.001
	d
	0.04±0.001
	0.03±0.001
	d

	Tb.N (mm-1)
	3.7±0.12
	3.24±0.16
	
	3.67±0.24
	3.21±0.18
	

	Tb.Pf (mm-1)
	9.14±1.32
	23.74±1.32
	d
	9.57±1.6
	24.32±1.83
	d




Ct.Ar = cortical bone area; Tt.Ar = total cross-sectional area; Ma.Ar = marrow area; Ct.Th = cortical thickness; BV/TV = trabecular bone volume; Tb.Th = trabecular thickness; Tb.N = trabecular number; Tb.Pf = trabecular pattern factor
Values are mean±SE. b p<0.01, c p<0.001, d p<0.0001
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[bookmark: _Toc383544628]
Figure 37 Cortical bone mass and architecture measured at the mid-shaft region of the left non-loaded (control) and right loaded tibiae with maximal loading regimen of 19-week-old fed (n=6) or overnight fasted 3-hour fed (n=7) male mice 
Maximal mechanical loading induced significant increase in Ct.Ar and Ct.Th in the right loaded tibiae compared with the left unloaded control tibiae in both groups (A, D), but there were no significant differences between the groups. There were no significant differences in Tt.Ar and Ma.Ar measured within and between the experimental groups (B, C). 
Bars represent mean±SE. ** p<0.01, *** p<0.001, **** p<0.0001
[bookmark: _Toc383723899]4.2.7 The effect of maximal mechanical loading on tibial trabecular bone mass and architecture of fed or fasted 3-hour fed young mice
Similar to the previous study, maximal mechanical loading with a peak force of 13N and regimen of 40 cycles caused significant adaptive response in trabecular bone of loaded right tibiae of mice compared with the unloaded left control tibiae. CT analysis of the right tibial trabecular bone structure revealed that both ad-lib fed and fed for 3 hours following overnight fast mice had significantly increased trabecular BV/TV and Tb.Th and decreased Tb.Pf compared with that of the left tibiae (Figure 38). The quantitative data are summarised in the Table 5 (section 4.2.6). 

Trabecular BV/TV significantly increased by 48% in the loaded tibiae of fed mice (p<0.0001) and by 44% of fasted 3-hour fed mice (p<0.0001) compared with the internal non-loaded left controls, Figure 38A. Tb.Pf significantly decreased by 61% in the right tibiae of fed and fasted 3-hour fed mice (p<0.0001) compared with the contralateral unloaded left tibiae, Figure 38C. Tb.Th significantly increased by 33% in the right loaded tibiae of fed mice and fasted 3-hour fed mice (p<0.0001) compared with the non-loaded left tibiae, Figure 38D. Tb.N of the right loaded tibiae of fed and fasted 3-hour fed mice increased, but not significantly from unloaded left tibiae (p>0.05), Figures 38B. There were no significant differences in any trabecular parameters between right tibiae of fed mice and those fed for 3 hours following overnight fast before mechanical loading (Figure 38). 
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[bookmark: _Toc383544629]
Figure 38 Trabecular bone mass and architecture measured at the proximal region of the left non-loaded (control) and right loaded tibiae with maximal loading regimen of 19-week-old fed (n=6) or overnight fasted 3-hour fed (n=7) male mice 
Maximal mechanical loading induced significant increase in trabecular BV/TV and Tb.Th and decrease in Tb.Pf in the right loaded tibiae compared with the left unloaded tibiae in both groups (A, C, D), but there were no significant differences between the two groups. There was no significant increase in Tb.N measured within and between the experimental groups (B). 
Bars represent mean±SE. **** p<0.0001
[bookmark: _Toc383723900]4.3 Discussion
The compound interactions between various stimuli including gastrointestinal hormones that regulate energy metabolism and physical activity influence bone homeostasis. In this chapter the effects of timing of food ingestion on cortical and trabecular bones’ adaptive responses to maximal 13N mechanical loading is explored in fed or overnight fasted fed young male mice. 
[bookmark: _Toc383723901]4.3.1 Food ingestion for 2 hours following overnight fast potentiates bone’s osteogenic adaptive response to maximal mechanical loading in young male mice 
What we have shown here for the first time is that the cortical bone adaptive response to osteogenic loading was potentiated in young male mice that ingested food for 2 hours following overnight prolonged fast before mechanical loading. As discussed in section 4.1, numerous previous studies emphasised interactions between osteotropic factors and bone homeostasis (Samuels et al., 2000, Kim et al., 2003, Tang et al., 2007, Sugiyama et al., 2008). Since concentrations of metabolic hormones with anabolic effects on bone differ during fasted and fed states, this finding could reveal interlinks between bone’s adaptive response to loading and metabolic hormones regulated by timing of feeding, consistent with our overarching hypothesis.  The studies included in the Chapter 7 are aimed to investigate possible responsible hormonal changes underlying bone’s potentiated osteogenic response to maximal mechanical loading in fasted/fed states. It would be interesting to study in the future the effects of osteogenic mechanical loading in the proximal and distal sites of the tibiae in both young male and female mice as it has been shown previously cortical bone’s adaptive response to loading is site and gender specific (De Souza et al., 2005a, Fritton et al., 2005, Wallace et al., 2007, Sugiyama et al., 2010).

We have found that feeding following overnight fast did not potentiate trabecular bone changes induced by osteogenic loading in young male mice. One of the possible explanations might be that unlike cortex, the trabeculae at tibial proximal metaphysis have seldom internal blood supply relying on diffusion and active transport of metabolites independent of the bone blood flow (Fyhrie and Kimura, 1999). 
[bookmark: _Toc383723902]4.3.2 The effect of timing of feeding on cortical bone’s response to maximal mechanical loading in young male mice
Since overnight 16-hour fasting neither potentiated nor inhibited bone’s response to maximal mechanical loading in mice, we next determined the ability of food ingestion to potentiate osteogenic mechanical loading with regimen of 40 cycles and a peak force of 13N on tibiae of fed or fed for 2 hours following overnight fast young male mice. 

High resolution CT analysis of cortical bone at the mid-shaft region of the loaded tibiae revealed significant increase in cortical bone area and thickness compared with that of left controls in both ad-lib fed and fasted 2-hour fed mice. The marrow area of the loaded tibiae in ad-lib fed and fasted 2-hour fed mice consequently decreased but not significantly from non-loaded left tibiae, with overall increase in total cross-sectional area inside the periosteal envelope. This observed osteogenic loading response could indicate that cortical bone was able to adapt adequately to a strain-related stimulus and reflects increased osteoblast recruitment, proliferation and function in the cortex of the loaded tibiae.  The fasted 2-hour fed mice had higher osteogenic response and greater increases in CT.Ar and Ct.Th in the right tibiae compared with that in ad-lib fed mice. To determine the extent of cortical bone osteogenic response between ad-lib fed and fasted 2-hour fed mice, cortical bone parameters from the right loaded tibiae were compared between 2 groups. Mice that have been fed for 2 hours following overnight fast had further significant increase in Ct.Th in the loaded tibiae compared with that in ad-lib fed mice (Figure 30). 

The dynamic histomorphometry analysis of the total BFR/BS, MAR and MS of the tibiae of 
fasted 2-hour fed mice was consistent with the CT analysis (Figure 32). Enhanced osteoblastic bone formation activities were confirmed by the results of double fluorochrome labeling in cortical compartment, which revealed significant increase in BFR/BS and MAR in loaded tibiae of fasted 2-hour fed mice compared with ad-lib fed mice. Increased bone formation was observed in endocortical and mainly in periosteal surfaces of the cortex in the loaded tibiae of fasted 2-hour fed mice (Figure 31). Consistent with the previous findings, the areas of new woven bone were observed predominantly in the periosteal surfaces of cortical bone of the loaded tibiae as shown in 3D images, Figure 29 (Hert et al., 1971, Akhter et al., 1998, Mosley and Lanyon, 1998, De Souza et al., 2005a, Sugiyama et al., 2010, Sugiyama et al., 2012). 

Cortical bone area and cortical thickness at the mid-shaft region of the loaded tibiae in mice that were fed for 1 hour or 3 hours following overnight fast significantly increased compared with the contralateral non-loaded left tibiae, but not significantly from the loaded tibiae of ad-lib fed mice. Increases in cortical bone area and thickness were linked to increased total cross-sectional area inside the periosteal envelope and decreased marrow area of the loaded tibiae compared with non-loaded controls within the groups although changes did not reach significance (Figures 35 and 37).

[bookmark: _Toc383723903]4.3.3 The effect of timing of feeding on trabecular bone’s response to maximal mechanical loading in young male mice 
Non-invasive axial mechanical loading caused significant adaptive response in most trabecular bone parameters in the loaded right tibiae of fed or fed for 2 hours following overnight fast mice compared with the contralateral non-loaded left tibiae. High resolution CT analysis of trabecular bone at the proximal region of the tibiae revealed that the trabecular BV/TV and trabecular thickness of loaded tibiae significantly increased, and trabecular pattern factor significantly decreased in both ad-lib fed and fasted fed mice compared to the left non-loaded tibiae. Trabecular number of the right tibiae in ad-lib fed and fasted fed mice increased, but not significantly from the non-loaded tibiae (Figure 34). Previous studies have demonstrated that mechanical loading can lead to formation of new trabeculae and increase in trabecular number in adult mice (Sugiyama et al., 2008, Sugiyama et al., 2010, Sugiyama et al., 2012, Meakin et al., 2013). Loading-related increase in trabecular BV/TV was primarily due to a greater increase in trabecular thickness and a smaller increase in trabecular number. Trabecular thickness is one of the trabecular parameters that was shown previously to be most affected by mechanical loading (Sugiyama et al., 2012). The increase we observed in trabecular BV/TV and thickness of the right loaded tibiae of fed and fasted 2-hour fed young male mice was consistent with previous studies (Sugiyama et al., 2008, Sugiyama et al., 2010, Sugiyama et al., 2012, Saxon et al., 2011). Decrease in trabecular pattern factor, which indicates how well connected the trabeculae are within the volume of interest, corresponded to increased connectivity of the trabeculae in the loaded right tibiae of both ad-lib fed and fasted 2-hour fed mice. However, the effect of maximal loading on changes in trabecular pattern factor was greater in tibiae of fasted 2-hour fed mice compared with that of ad-lib fed mice. This suggests that in response to maximal loading, more new trabecular connections were formed in the loaded right tibiae of fasted 2-hour fed young male mice due to increased trabecular number, although it did not reach statistical significance, and significant increase in trabecular thickness (Table 2). There was no significant difference in trabecular bone parameters between ad-lib fed mice and those fed for 2 hours following overnight fast before loading. 

We then examined bone’s adaptive response to osteogenic mechanical loading in young male mice that had free access to maintenance diet or were fed for 1 hour following overnight fast before the loading. Trabecular BV/TV of loaded tibiae significantly increased, and trabecular pattern factor significantly decreased in both ad-lib fed and fasted 1-hour fed mice compared to the left non-loaded tibiae. Trabecular thickness and trabecular number in the right tibiae of ad-lib fed and fasted 1-hour fed mice increased compared with the non-loaded left tibiae, but did not reach statistical significance (Figure 36). In fasted 1-hour fed mice, the loading-related increase in trabecular number and thickness appeared to be reduced compared with that in fasted 2-hours fed mice (Table 4). However, similar to the previous study, we did not observe statistical significant difference in any trabecular bone parameters between the two experimental groups. 

To compare the effects of timing of food ingestion on bone’s response to maximal mechanical loading we next determined the effects of 3 hours of food ingestion following overnight fast on the tibiae of young male mice. High resolution CT analysis of trabecular bone of the loaded right tibiae showed that the trabecular BV/TV and trabecular thickness significantly increased, and trabecular pattern factor decreased in both ad-lib fed and fasted 3-hour fed mice compared to the left non-loaded tibiae. Similar to the previous studies, the trabecular number in the right tibiae of ad-lib fed and fasted 3-hour fed mice increased, but not significantly from the non-loaded control tibiae (Figure 38). Therefore, increase in trabecular BV/TV and decrease in pattern factor may be primarily due to increase in trabecular thickness. We did not observe significant changes in trabecular bone parameters of loaded tibiae between ad-lib fed and fasted 3-hour fed mice (Table 5) suggesting that food ingestion for 3 hours following overnight prolonged fast did not affect trabecular bone’s response to osteogenic mechanical loading in young male mice. 


[bookmark: _Toc383723904]4.4 Conclusions
This study revealed the effect of different periods of food ingestion (1 hour, 2 hours or 3 hours) following overnight 16-hour fasting on bone’s adaptive response to mechanical loading in young male mice. Food ingestion for 2 hours after overnight prolonged fast potentiated bone’s osteogenic response to maximal mechanical loading in mice, indicating possible synergies between the timing of food ingestion and bone adaptation. This was further supported by dynamic histomorphometry findings of increased endocortical and periosteal bone apposition and formation rates. Loading after 1 hour or 3 hours following overnight fast increased cortical bone thickness in fasted fed mice, but not differently from ad-lib fed mice. This information could help to inform interventions aimed at building and maintaining a healthy skeletal system in young adults and throughout the life-course.
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CHAPTER 5
The effects of sub-threshold and submaximal      mechanical loading on bone mass and architecture of   fed or fasted fed young mice 
































[bookmark: _Toc383723906]5.1 Introduction
In the previous chapter I demonstrated that food ingestion for 2 hours, but not for 1 hour or 3 hours, following overnight fast potentiated bone’s osteogenic response to maximal mechanical loading in young male mice. This indicates interactions between timing of food ingestion and bone adaptation to high intensity exercise. To investigate synergistic effects of metabolic hormones on concurrent mechanical loading, in this chapter we explored the effect of timing of feeding on bone’s response to sub-threshold and submaximal mechanical loading regimens that mimic ineffective and low intensity exercise after withholding food or feeding for 2 hours in young male mice. 

According to Wolff’s law (Wolff, 1986), individual bones respond and adapt to mechanical strains engendered by habitual loads without fractures by altering modelling and remodelling activities (Frost, 1994, Frost, 2003). Bone strain drives a feedback mechanism that regulates bone resorption and formation to maintain optimal trabecular and cortical bone mass and architecture at each skeletal location (Currey, 1984, Rubin and Lanyon, 1984, Lanyon, 1987, Hillam and Skerry, 1995, Hillam et al., 2015). 

Axial compression of murine tibiae is widely used to study strain-related adaptive bone mechanoresponsiveness (Turner et al., 1991, Robling et al., 2001, De Souza et al., 2005a, Fritton et al., 2005). Understanding of the relationship between applied axial force and engendered tibial strains is essential because bone’s adaptive response to loading is correlated to the local strain stimulus (Sugiyama et al., 2010). Undoubtedly, strain magnitude is one of the most important components to engender bone osteogenic response to mechanical loading. Several previous studies demonstrated bone formation-dose response, linear relationship between strain magnitudes and bone formation (Rubin and Lanyon, 1985, Turner et al., 1991, Sugiyama et al., 2012). The rate of the change in strain magnitude is also important in engendering adaptive response to mechanical loading. A study by Turner et al. demonstrated that the amount of new bone formation was proportional to the strain rate in the bone tissue since bone is viscoelastic which biomechanical behaviour varies with the rate of the force application (Turner et al., 1995). Using a rat ulna loading model it was shown that high strain rates provide greater osteogenic stimulus engendering 67% greater bone adaptive response to loading compared to the low strain rates (Mosley and Lanyon, 1998). The spatial strain patterns and distribution were further expounded from the strain gauge measurements (De Souza et al., 2005a, Brodt and Silva, 2010) and finite element analysis (Moustafa et al., 2012, Willie et al., 2013). These studies specify that axial loading generates compression and bending in the mid-diaphysis of the long bones with tension-to-compression strain gradient from the antero-medial to postero-lateral surfaces of the tibial cross section. 

A number of biomechanical parameters are used to characterise the integrity of the bone. Whole bone stiffness or rigidity characterises how much the entire bone deforms when loaded. The relationship between stress (loading) and strain (deformation) in bone follows the stress-strain curve. Slop of the curve, called the elastic or Young’s modulus (E), is a measure of the intrinsic stiffness of the material, which assesses the resistance of the bone tissue to deformation when loaded. The moment of inertia (IMAX, IMIN) describes the geometric contribution of the bone to resisting bending and measures the spacial distribution of the bone tissue about the neutral axis (Turner, 2006, Main et al., 2010, Jepsen et al., 2015). The effect of age on these parameters is discussed in more detail within the next Chapter 6. The cortical bone area is the most relevant morphological parameter to the mechanical test that correlates with stiffness, moment of inertia and maximum load achieved before fracture (Vashishth et al., 2000, Jepsen et al., 2015). Quantification of the newly formed cortical bone area of young C57BL/J6 mouse tibiae revealed load-magnitude dependent increase in cortical bone formation predominantly on the periosteum consistent with our findings (Figure 39) (De Souza et al., 2005a). These changes can be explained by the biomechanical roles of bones at different sites. Increase in cortical bone thickness and diameter associated with periosteal deposition contributes more efficiently to load-bearing strength than that with endosteal deposition (Haapasalo et al., 2000, Mori et al., 2003). 
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[bookmark: _Toc383544630]Figure 39 Load-magnitude related increase in cortical bone formation along tibial diaphysis in female 12-week-old C57BL/J6 mice (n=4 at each load magnitude)
Figure shows the total interlabel area at five sites along the tibial diaphyseal cortical bone loaded with force magnitudes between 8.7N-13N. Values are mean±SE. a p<0.05, b p<0.01, c p<0.005            
Adapted with permission from (De Souza et al., 2005a).


Male C57BL/6 mice at 17 weeks of age used for the studies described in this chapter are responsive to mechanical strains and provide a well-characterised model system (Sugiyama et al., 2008). We have used two loading regimens; in the first experiment we applied 8N force on the right tibiae of fed and fasted 2-hour fed young mice that alone is insufficient to induce bone formation mimicking low intensity exercise equivalent of gentle walking in humans. A study by De Souza et al. showed that loading of tibia at magnitudes lower than 10N did not induce significant new bone formation at any examined diaphyseal sites (Figure 39) (De Souza et al., 2005a). Furthermore, application of 13N force engendered no greater increase in new bone formation than 12N, but more than that at 11N, 10N and 8.7N (Figure 39). Therefore, in the second experiment we applied mechanical load with 11N force on the right tibiae of fed and fasted 2-hour fed young male mice that was sufficient to induce bone formation, but at a lower than maximal level mimicking vigorous but not strenuous exercise in humans. Peak load magnitudes were chosen to achieve peak compressive strains on the tibial surface of 1300µε (submaximal) and 1100µε (sub-threshold). 
The aim of the experiments described in this chapter was to determine the role of 2-hour food ingestion following overnight 16-hour fast on the effectiveness of 8N sub-threshold and 11N submaximal mechanical loading regimens in male young mice, mimicking low or high intensity exercise regulated by timing of feeding in young male mice. 


[bookmark: _Toc383723907]5.2 Results
[bookmark: _Toc383723908]5.2.1 The effect of sub-threshold mechanical loading on tibial cortical bone mass and architecture of fed or fed for 2 hours following overnight fast young mice
Food ingestion for 2 hours following overnight fasting potentiated bone’s response to optimal mechanical loading in young male mice. Therefore, to determine interactions between loading and feeding/fasting we first examined the ability of food ingestion for 2 hours following overnight fast to enhance ineffective mechanical loading in young 17-week-old male C57BL/6 mice. 

Experimental details: Groups of 17-week-old C57BL/6 male mice (n=7) either fasted overnight for 16 hours then fed for 2 hours or allowed free access to food ad-lib underwent axial loading of the right tibiae with 8N sub-threshold regimen, 3 times weekly for 2 weeks (40 cycles of loading with 9s rest periods between each). Left tibiae were non-loaded controls in each animal as previously described.

Consistent with our previous findings sub-threshold mechanical loading, that alone was insufficient to cause osteogenic response, induced significant increase in cortical thickness of loaded tibiae in fasted 2-hour fed mice when compared only with left non-loaded controls (0.26±0.008mm versus 0.24±0.008mm, p<0.05). Ct.Th measured by CT at the mid-shaft of the right tibiae increased in ad-lib fed mice but not significantly from left tibiae (0.26±0.002mm versus 0.25±0.004mm, p>0.05) (Figure 40D). 

Ma.Ar of the right tibiae has decreased compared to the left non-loaded tibiae in fasted 2-hour fed mice but did not reach significance (0.47±0.03mm2 versus 0.49±0.03mm2, p>0.05), whereas Ma.Ar in ad-lib fed mice remained unchanged (0.51±0.03mm2 versus 0.51±0.02mm2, p>0.05), (Figure 40C). 
Sub-maximal loading had no significant effect on Ct.Ar (fasted 2-hour fed: 0.74±0.03mm2 versus 0.71±0.04mm2, p>0.05; ad-lib fed: 0.78±0.02mm2 versus 0.76±0.02mm2, p>0.05) and Tt.Ar (fasted fed: 1.20±0.06mm2 versus 1.21±0.06mm2, p>0.05; ad-lib fed: 1.29±0.05mm2 versus 1.27±0.04mm2, p>0.05) within and between the experimental groups (Figure 40A, B). 
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[bookmark: _Toc383544631]Figure 40 The effect of sub-threshold mechanical loading with a peak force of 8N on cortical Ct.Ar (A), Tt.Ar (B), Ma.Ar (C) and Ct.Th (D) at the tibial mid-shaft of 19-week-old fed (n=7) or overnight fasted 2- hour fed (n=7) male mice 
Feeding for 2 hours following overnight fast had no effect on sub-threshold mechanical loading related changes in Ct.Ar, Tt.Ar and Ma.Ar measured by CT at the mid-shaft of tibiae. Significant increase in Ct.Th of the right loaded tibiae was observed in fasted 2-hour fed mice compared to left controls when assessed using paired two-tail Student’s t-test. The effect of mechanical loading within and across the experimental groups was assessed using two-way ANOVA corrected with Tukey post-hoc test for multiple comparisons. 
Bars represent mean±SE. * p<0.05
[bookmark: _Toc383723909]5.2.2 The effect of sub-threshold mechanical loading on tibial trabecular bone mass and architecture of fed or fed for 2 hours following overnight fast young mice
There were no significant changes in any measured trabecular bone parameters including trabecular BV/TV, number, pattern factor and thickness compared within and between the experimental groups (Figure 41). 

In the fasted 2-hour fed mice, the increase in trabecular BV/TV in the right tibiae compared with the non-loaded control left tibiae was 11.4±0.4% versus 11.3±0.6% (p>0.05) compared with 13.2±0.5% versus 12.1±0.5% (p>0.05) in ad-lib fed group, Figure 41A. Tb.Th of the right tibiae compared with the left controls increased in fasted fed mice by 0.037±0.002mm versus 0.032±0.002mm (p>0.05) compared with 0.041±0.001mm versus 0.04mm (p>0.05) in ad-lib fed mice, Figure 41D. Tb.Pf decreased in the loaded tibiae of fasted 2-hour fed and ad-lib fed mice compared to the left non-loaded controls (23.8±1.04mm-1 versus 25.5±1.05mm-1 (p>0.05) and 19.8±1.1mm-1 versus 22.5±1.2mm-1 (p>0.05) respectively), Figure 41C. There were no significant differences in Tb.N within and between the groups (p>0.05), Figure 41B.
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[bookmark: _Toc383544632]Figure 41 The effect of sub-threshold mechanical loading with a peak force of 8N on trabecular BV/TV (A), Tb.N (B), Tb.Pf (C) and Tb.Th (D) in the proximal tibia of 19-week-old fed (n=7) or overnight fasted 2-hour fed (n=7) male mice 
Sub-threshold mechanical loading induced non-significant changes in trabecular bone parameters measured within and between the experimental groups. Bars represent mean±SE 


[bookmark: _Toc383723910]5.2.3 The effect of submaximal mechanical loading on tibial cortical bone mass and architecture of fed or fed for 2 hours following overnight fast young mice
Experimental details: Next we measured the ability of food ingestion for 2 hours following prolonged 16-hour fast to potentiate the effect of low intensity mechanical loading with 11N force and 40 cycles of loading (3 times weekly for 2 weeks) on cortical and trabecular bone mass and architecture of the right tibiae in young 17-week-old male C57BL/6 mice. Left tibiae were non-loaded controls in each animal as previously described.

Consistent with the previous findings in cortical bone, submaximal mechanical loading regimen with 11N force had significant effect on cortical bone mass and architecture of the loaded tibiae in young male mice. Submaximal loading induced significant increase in Ct.Th by 13% at the tibial mid-shaft of fasted 2-hour fed and 8% ad-lib fed mice. However, no significant interactions in Ct.Th were detected between the experimental groups (fasted 2-hour fed: 0.27±0.007mm versus 0.24±0.003mm, p<0.01; ad-lib fed: 0.26±0.004mm versus 0.24±0.004mm, p<0.05) (Figure 42D). 

Ct.Ar and Tt.Ar increased in loaded tibiae of both fasted 2-hours fed and ad-lib fed mice compared with the non-loaded controls, but did not reach statistical significance (Ct.Ar fasted 2-hour fed: 0.76±0.01mm2 versus 0.69±0.02mm2, p>0.05; ad-lib fed: 0.77±0.02mm2 versus 0.70±0.02mm2, p>0.05 and Tt.Ar fasted 2-hour fed: 1.24±0.02mm2 versus 1.17±0.03mm2, p>0.05; ad-lib fed: 1.27±0.05mm2 versus 1.20±0.05mm2, p>0.05) (Figure 42A, B), whereas Ma.Ar remained unchanged within and between the experimental groups (Figure 42C). 
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[bookmark: _Toc383544633]Figure 42 The effect of submaximal mechanical loading with a peak force of 11N on cortical Ct.Ar (A), Tt.Ar (B), Ma.Ar (C) and Ct.Th (D) at the tibial mid-shaft of 19-week-old fed (n=6) or overnight fasted 2-hour fed (n=7) male mice 
Feeding for 2 hours following overnight fast increased cortical bone osteogenic response to submaximal mechanical loading as Ct.Th significantly increased, but had no significant effects on loading related changes in other cortical bone parameters including Ct.Ar, Tt.Ar and Ma.Ar. 
Bars represent mean±SE. * p<0.05, ** p<0.01

[bookmark: _Toc383723911]5.2.4 The effect of submaximal mechanical loading on tibial trabecular bone mass and architecture of fed or fed for 2 hours following overnight fast young mice
CT analysis of the high resolutions scans of proximal site of the right loaded and left non-loaded contralateral tibiae revealed that loading induced significant changes in trabecular bone architecture (Figure 43). 

Submaximal mechanical loading induced significant increase in trabecular BV/TV (fasted 2-hour fed: 13.9±0.6% versus 11.5±0.3%, p<0.01; ad-lib fed: 14.3±0.4% versus 11.4±0.4%, p<0.01) achieved predominately due to increase in the trabecular thickness (fasted 2-hour fed: 0.039±0.002mm versus 0.035±0.001mm, p>0.05; ad-lib fed: 0.039±0.002mm versus 0.03±0.0005mm, p<0.05) and trabecular number (fasted 2-hour fed: 3.6±0.1mm-1 versus 3.3±0.1mm-1, p>0.05; fed: 3.7±0.2mm-1 versus 3.4±0.2mm-1, p>0.05), which did not reach statistical significance (Figure 43A, B and D). Furthermore, trabecular pattern factor was significantly affected by the submaximal mechanical loading. Tb.Pf decreased by 37% in loaded tibiae of fasted 2-hour fed mice and 35% in loaded tibiae of ad-lib fed mice compared with non-loaded control tibiae (fasted 2-hour fed: 13.8±1.5mm-1 versus 21.8±0.9mm-1, p<0.01; ad-lib fed: 12.9±2.2mm-1 versus 19.8±1.05mm-1, p<0.05) (Figure 43C). However, there were no significant differences in any measure trabecular bone parameters between the experimental groups.
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[bookmark: _Toc383544634]Figure 43 The effect of submaximal mechanical loading with a peak force of 11N on trabecular BV/TV (A), Tb.N (B), Tb.Pf (C) and Tb.Th (D) in the proximal tibia of 19-week-old fed (n=6) or overnight fasted 2-hour fed  (n=7) male mice 
Submaximal mechanical loading engendered significant increase in trabecular BV/TV (A) due to increase in Tb.Th and Tb.N and significant decrease in Tb.Pf. There were no significant changes in all the trabecular parameters measured between the experimental groups. 
Bars represent mean±SE. * p<0.05, ** p<0.01

[bookmark: _Toc383723912]5.3 Discussion
In studies within this chapter we aimed to determine the synergies between fasting/feeding and two regimens of mechanical loading.  One loading regimen was submaximal that was sufficient to induce bone formation but not a maximal response. The second was sub-threshold loading regimen, insufficient alone to induce bone formation. The loading regimens were combined with feeding or prolonged fasting followed by 2-hour feeding in young male mice to mimic the durations of fasting in people overnight and the effects of different exercises after consuming food. 
[bookmark: _Toc383723913]5.3.1 Food ingestion for 2 hours following overnight fast potentiated bone’s response to sub-threshold mechanical loading in young male mice
The mechanical loading regimen with 8N force we used in this study has already been determined not to engender osteogenic response in trabecular or cortical bone mass and architecture measured at the mod-shaft of the tibiae of young male mice (De Souza et al., 2005a). We measured the effects of loading regimens in young male mice that were altered by the magnitude of peak strain induced, not the number of loading cycles, which was covered in the Chapter 3. We used sub-threshold mechanical loading regimen in order to determine whether food ingestion for 2 hours following overnight fast affected bone’s response to ineffective loading as it did with maximal loading.

Consistent with our main hypothesis food ingestion following overnight (16-hour) fast enhanced bone’s adaptive response to sub-threshold mechanical loading in young 17-week-old male mice. The response of cortical bone to sub-threshold loading was in agreement with our findings discussed in the previous chapter where we observed its potentiated response to maximal osteogenic loading regimen. Similarly, compared with the cortical bone osteogenic response in ad-lib fed mice, fatsed 2-hour fed mice showed greater response in cortical thickness. When assessed with the Student’s t-test separately, the loaded tibiae of fasted fed mice had significant increase in Ct.Th compared with non-loaded left tibiae. Due to increased Ct.Th in the loaded tibiae, the marrow area decreased but did not reach statistical significance in both fasted 2-hour fed and ad-lib fed mice. There were no significant changes in other cortical bone parameters including Ct.Ar and Tt.Ar measured at the tibial mid-shaft by CT within and between the experimental groups.
The altered concentrations of some key osteotropic hormones associated with the timing of food ingestion and their regulatory effects on bone homeostasis, which may underlie the cortical bone potentiated response to loading we have observed in these studies, are discussed in details in Chapter 7. 

Numerous previous studies elucidated the synergistic effects between anabolic osteotropic factors and loading (Tang et al., 1997, Jacobs, 2000, Samuels et al., 2000, Kim et al., 2003). In addition to the clinical studies discussed in the previous chapter, studies in model organisms including rats and mice provided evidence of synergistic effects of iPTH and mechanical loading on both trabecular and cortical bones (Ma et al., 1999, Hagino et al., 2001, Li et al., 2003, Kim et al., 2003). A study by Sugiyama et al. assessed separate and combined effects of iPTH (1-34) and mechanical loading and showed that treatment with iPTH enhanced mechanical loading effects, particularly ineffective loading to induce osteogenic response in tibiae and ulnae of C57BL/6 female mice (Sugiyama et al., 2008). Therefore, understanding multifaceted synergies between timing of feeding, altered concentrations of metabolic hormones with potent regulatory effects on bone physiology during fasted or fed states and bone’s osteogenic adaptive response to mechanical loading could provide benefits for people to build a healthy skeleton throughout life-course or more acutely in older age.

Consistent with findings in the previous study discussed in Chapter 4, food ingestion did not affect trabecular bone response to sub-theshold loading in young male mice. It did not induce significant changes in trabecular bone architecture including four trabecular bone parameters measured at the tibial proximal site within and between the groups. 
[bookmark: _Toc383723914]5.3.2 The effect of food ingestion for 2 hours following overnight fast on bone’s response to submaximal mechanical loading in young male mice
In this experiment we used suboptimal dose of mechanical loading with 11N peak force in order to explore whether timing of food ingestion and ultimately altered concentrations of metabolic hormones affect bone’s response to submaximal loading regimen in young 17-week-old male mice. Increasing the strain stimulus and level of the intensity of mechanical loading to submaximal, has led to significantly increased cortical bone adaptive response in both ad-lib fed and fasted 2-hour fed mice. However, the magnitude of the response of Ct.Th in the loaded right tibiae of fasted 2-hour fed mice was considerably higher compared with that of ad-lib fed mice. We did not observe significant changes in other analysed cortical bone parameters including Ct.Ar, Tt.Ar and Ma.Ar at the mid-shaft of tibiae within and between fasted fed and ad-lib fed mice (Figure 42). 

Trabecular BV/TV analysed by CT at the proximal site of the tibiae significantly increased in both fasted 2-hour fed and ad-lib fed mice due to increase mainly in trabecular thickness and number in the loaded right tibiae compared to the left non-loaded tibiae, although increase in Tb.N did not reach significance. Tb.Pf significantly decreased in both fasted 2-hour fed and ad-lib fed mice, however, the change in trabecular bone architecture including increased connectivity between the trabeculae was greater in fasted fed mice (Figure 43). Although there were increased load-related responses of some measured tibial trabecular bone parameters in fasted 2-hour fed mice compared to that of the fed mice, there were no significant differences in any trabecular bone parameters of loaded tibiae between the experimental groups.

Food ingestion for 2 hours following overnight fast potentiated the response of bones to low intensity loading in young male mice. Dynamic histomorphometric assessment in future will allow to confirm the responses of cortical and trabecular bone observed by CT analysis. These studies were conducted exclusively in male mice, in future studies the effect of timing of feeding on bone’s adaptive response in female mice would also be determined, since as discussed in the previous chapter bone’s response to loading is gender specific. Additionally, in collaboration with the INSIGNEO Institute for in silico Medicine, The University of Sheffield finite element (FE) models and the stifness and strength of the whole bones, scanned at high resolution using CT, will be estimated. In the next chapter we explored whether cortical and trabecular bone responses were modified with ageing and how the timing of food ingestion affected bone’s osteogenic response to mechanical loading in aged mice.  









[bookmark: _Toc383723915]5.4 Conclusions
Food ingestion for 2 hours after overnight fast potentiated bone’s response to low intensity mechanical loading in young male mice, indicating that changing timing of feeding can turn an ineffective loading stimulus that does not normally cause bone formation, into an effective one and enhance bone’s adaptive response to exercise. Identification of feeding protocols and the optimal timing of food ingestion that affect the response of bone to load, can potentially translate into benefits for people. It can provide lifestyle choices and information on when to exercise in relation to meals, more importantly, for elderly adults and people suffering from various musculoskeletal disorders including osteoporosis.  





















This study was submitted as an abstract to the annual congress of the ECTS in Salzburg, Austria where it was presented both in oral and poster formats. 
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CHAPTER 6
The effect of ageing on bone’s adaptation to mechanical loading in fed or overnight fasted fed mice 

































[bookmark: _Toc383723917]6.1 Introduction
Throughout evolution the bones have developed a mechanism called ‘functional adaptation’ by altering their architecture in response to the changes of loading-engendered strain environment. This means that individual bone mass and architecture is sufficiently robust to withstand habitual loads without fractures or accumulating excessive microdamage (Frost, 1960, Frost, 1987, Frost et al., 2003, Skerry, 2006b). However, the effectiveness of this mechanism declines with age and injuries become more frequent. 
With age in humans, bone mass and architecture deterioration makes bones sufficiently fragile that low-level traumas can cause fractures (Van Staa et al., 2001). Age-related changes in bone structure, geometry and microarchitecture have been investigated in specific sites within the skeleton. Bone loss is associated with a thinning of the cortical bone shell, increased intracortical porosity, loss of the trabecular bone and its connectivity (Parfitt, 1984, Chavassieux and Meunier, 2001, Riggs et al., 2004). In a cross-sectional study Riggs et al. found that cortical bone mass decrease either commences or accelerates in mid-life both in men and women and continues to decrease with ageing. Loss in cortical bone mass appears to be higher in women than men later in life mainly due to increase in bone turnover induced by oestrogen deficiency (Riggs et al., 2004, Riggs et al., 2008). It has been shown that thinning of the cortex occurs mainly due to endocortical resorption by the osteoclasts. Concurrent age-related site-specific periosteal bone apposition increases bone cross-sectional area making it biomechanically farther resistant to axial compression and partly offsetting the structural and material strength loss (Seeman, 2003, Riggs et al., 2004). The process is known as a ‘cortical drift’ resulting in weaker bones with thinner cortices and wider diameters (Goldman et al., 2009).

Age-related trabecular bone loss occurs earlier than cortical bone loss in young adulthood 
and continues throughout the life-course both in men and women (Riggs et al., 2004, Khosla et al., 2006). The trabecular bone loss is associated with thinning of the trabeculae in men and microstructural deterioration, loss of trabecular number and consequent increase in trabecular separation particularly in early menopausal women (Parfitt, 1984, Dempster et al., 1995). Women lose 37% and men 42% of their total lifetime trabecular bone mass before the age of 50 compared with 6% and 15% loss of the cortical bone respectively. The early-onset of the trabecular bone loss in both genders may be partially due to the reduced mechanosensitivity (Riggs et al., 2008).

Age-related changes in bone mass and architecture identified in both male and female C57BL/6 mice appear to mimic many of those observed in humans (Ferguson et al., 2003, Almeida et al., 2007b, Willinghamm et al., 2010). The age of mice at which skeletal changes are observed including dramatic loss of the trabecular bone mass and moderate loss of the cortical bone mass reinforces the suitability of the C57BL/6 mouse models for the human skeletal ageing studies (Glatt et al., 2007, Willie et al., 2013). Albeit the loss of the trabecular bone is evident by 26 weeks (Willinghamm et al., 2010), age-related loss of the cortical bone in mouse long bones occurs at around 16 months of age (Almeida et al., 2007b). For all the experiments presented within this chapter we have used well-established non-invasive axial tibial loading model of aged 20-month-old C57BL/6 male mice.  

Several previous studies indicated that bone’s adaptation to loading is impaired with age both in humans and animals (Rubin et al., 1992, Turner et al., 1995, Srinivasan et al., 2003). In model organisms, ageing is associated with a decreased function of mechanostat and decline of the skeletal robustness (Silbermann et al., 1990, Rubin et al., 1992, Hoshi et al., 1998, Meakin et al., 2014). Due to age-related alterations in bone mass and architecture, the load-strain relationships also change. Finite element analysis and ex vivo strain gage measurements indicate that bone stiffness declines with age in both male and female mice, which reflects age-related loss of the cortical bone and reduced mechanical properties of the bone material despite relatively increased cross-sectional geometry of whole bones (Ferguson et al., 2003, Willinghamm et al., 2010, Willie et al., 2013, Main et al., 2014). A reduction in bone stiffness results in higher strains being induced in cortical and trabecular regions from the same loads. Studies in aged C57BL/6 mice showed that load-engendered strain increased with age compared to that in young C57BL/6 mice, however, the strain distributions were similar across the ages (Meakin et al., 2014, Patel et al., 2014). 

While it has been established that bone’s adaptation to loading is impaired with age in animal models (Rubin et al., 1992, Turner et al., 1995, Hoshi et al., 1998, Lynch et al., 2011), it remains unclear whether modulating effects of food ingestion on bone’s osteogenic response to mechanical loading is age-dependent as our studies are the only ones we can find on the subject. Studies in the previous chapters showed that food ingestion for 2 hours following overnight fast potentiated bone response to mechanical loading in young male C57BL/6 mice. The overall aim of the experiments in this chapter was to determine whether the same potentiation occurred in older mice. Consequently, the first objective of the studies described here was to establish the effect of ageing on feeding behaviour of overnight fasted aged 20-month-old male C57BL/6 mice.  The second objective was to determine bones’ responses to maximal mechanical loading of fed or overnight fasted fed aged male mice in order to investigate the effect of ageing on interactions between energy metabolism and bone’s ability to adapt to mechanical loading in 20-month-old C57BL/6 male mice. 
[bookmark: _Toc383723918]6.2 Results
[bookmark: _Toc383723919]6.2.1 The effect of overnight fast on feeding behaviour of aged male C57BL/6 mice
Experimental details: As discussed in the Chapter 3 we observed significantly increased food intake for 2 hours in young male mice following overnight (16-hour) fast compared with the control ad-lib fed group. To establish a robust model to study the effect of timing of food ingestion on bone’s response to loading in aged mice, the effect of overnight 16-hour food restriction on feeding behaviour was assessed in 20-month-old male C57BL/6 mice. Food intake was measured by monitoring the body weights of individually housed ad-lib fed (n=8) or overnight fasted mice (n=8) every 30 minutes for the first 3 hours and every hour for another 4 hours twice weekly for a week. The nesting material, wood shavings and bedding were removed from the cages prior the experiment to ensure that the hungry mice did not consume non-food materials. During fasting all the mice had access to water ad libitum. The procedure was performed under the authority of the Home Office project licence. 

Following food restriction overnight (16 hours), fasted mice weighed 7.3±0.7% less compared with their pre-fasted body weights (p<0.0001), whereas the body weights of mice did not change that had free access to food ad libitum overnight (p>0.05). After introduction of food to the starved animals, as we observed in the young mice, the animals ate steadily, with the body weights of aged mice in the fasted group rising significantly for 2 hours compared with their pre-fasted body weights (5.6±0.7%, p<0.001; 3.7±0.7%, p<0.01; 2.8±0.8%, p<0.05; 2.5±0.9%, p<0.05 less than their pre-fasted weights) and significantly faster than those in the control ad-lib fed group (Figure 44). After 2 hours the body weights of fasted fed aged mice stopped rising significantly compared to their pre-fasted body weights (p>0.05). 
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[bookmark: _Toc383544635]Figure 44 Body weights of fed or overnight fasted fed aged male C57BL/6 mice 
In total 16 mice were randomly divided into two groups; control ad-lib fed (n=8) or overnight 16-hour fasted (n=8) at 20 months of age. The body weights of mice were measured for 7 hours following overnight fast to monitor food intake of the animals. The proportions of the starting pre-fasted body weights (%) ± SE are shown. Following overnight food restriction, fasted mice consumed more food compared with the mice in the control group that had free access to food ad libitum. Data is analysed by two-way ANOVA with Tukey post-hoc test. * Indicates significant differences between fed and fasted fed groups (* p<0.05; **** p<0.0001)




[bookmark: _Toc383723920]6.2.2 The effect of ageing on tibial cortical bone response to maximal mechanical loading of fed or fasted 2-hour fed aged mice

In the previous study, similar to the young mice, during the re-feeding period 2-hour hyperphagic response was observed in 16-hour fasted aged male mice.  Therefore, next we determined the ability of food ingestion for 2 hours following overnight fast to potentiate osteogenic effects of maximal mechanical loading in the tibiae of aged male mice. 

Experimental details: Groups of 20-month-old male C57BL/6 mice (n=8) were either fasted overnight for 16 hours or allowed free access to food ad libitum. At the end of fasting, mice were given access to food for 2 hours. In order to apply similar magnitudes of the peak strain to tibiae of young and aged mice, aged mice then underwent axial loading of the right tibiae with a peak force of 10N, which was shown to be the load capable of inducing 2250 in animals of this sex, strain and age (Meakin et al., 2014, Patel et al., 2014). The loading was applied 3 times weekly for 2 weeks using ElectroForce 5500 linear motor materials testing machine (40 cycles of loading with 9s rest periods between each) under isofluorane induced anaesthesia. Left tibiae were non-loaded controls in each animal. The protocol for the mechanical loading is described in details in the section 2.1.3. Response of bones to loading under different conditions was determined by CT. 

The lengths of left control and right loaded tibiae did not change within and between the ad-lib fed and fasted fed experimental groups (ad-lib fed 18.3±0.1mm versus 18.4±0.1mm; fasted 2-hour fed 18.4±0.06mm versus 18.4±0.07mm p>0.05),  (Figure 45). 

Adaptive response to mechanical loading in trabecular and cortical bone of the loaded right tibiae compared with unloaded left controls was impaired in fed or fasted 2-hour fed aged mice. 
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[bookmark: _Toc383544636]Figure 45 Tibial lengths of ad-lib fed or overnight fasted fed aged male C57BL/6 mice 
The effect of mechanical loading and overnight fast on left control and right loaded tibial length. There were no significant differences in lengths of loaded right and unloaded left tibiae within or between the groups of ad-lib fed and fasted fed 20-month-old male mice.
Bars represent mean±SE



The two-week loading regimen of three times weekly with 10N force and 40 cycles caused significant adaptive responses in cortical bone of the loaded right tibiae of aged male C57BL/6 mice. The structural changes of the cortical bone of loaded and non-loaded tibiae are visible in the 3D model images from both fed and fasted 2-hour fed aged mice, Figure 46.
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[bookmark: _Toc383544637]Figure 46 Cortical bone response to mechanical loading in aged male mice 
Representative 3D images showing the effect of mechanical loading on 1mm-thick analysed cortical bone region of interest from the mid-shaft of tibiae of fed and fed for 2 hours following overnight fast aged male mice. Scale bar = 100m


Cortical bone area (Ct.Ar) 
Cortical bone area of the loaded right tibiae was significantly increased by 9% in ad-lib fed and 10% in fasted 2-hour fed aged male mice compared to the non-loaded left controls. Loading induced significant increase in Ct.Ar of the right loaded tibiae compared with the contralateral non-loaded tibiae in fasted 2-hour fed mice (0.72±0.01mm2 versus 0.65±0.01mm2, p<0.05) and ad-lib fed mice (0.74±0.02mm2 versus 0.68±0.02mm2, p<0.05), but there were no significant differences between the two groups (Figure 47A).
Total tissue area inside the periosteal envelope (Tt.Ar)
There were no significant differences in Tt.Ar between left control and right loaded tibiae (fasted fed: 1.31±0.02mm2 versus 1.26±0.02mm2; ad-lib fed: 1.35±0.02mm2 versus 1.31±0.02mm2, p>0.05) and between the experimental groups, Figure 47B. Since increase or decrease in Tt.Ar signifies either periosteal bone formation or resorption, the lack of response to osteogenic mechanical loading in aged mice indicated that periosteal bone formation did not occur in response to mechanical loading. 

Marrow area (Ma.Ar) 
There were no significant differences in Ma.Ar within and between the ad-lib fed and fasted 2-hour fed aged male mice in response to the mechanical loading (fasted fed: 0.59±0.01mm2 versus 0.61±0.01mm2; ad-lib fed: 0.61±0.02mm2 versus 0.64±0.02mm2, p>0.05), Figure 47C. The age-related loss of the cortical bone area was primarily due to increase in Ma.Ar in male mice.

Cortical thickness (Ct.Th)
Cortical thickness of the loaded right tibiae increased by 12.8% in fed mice and 12.6% in fasted 2-hour fed mice compared to the non-loaded left tibiae. Ct.Th measured by CT at the mid-shaft of the tibiae revealed that both fed and fasted 2-hour fed aged mice had significantly increased cortical bone thickness in the loaded right tibiae compared with the left non-loaded controls (fasted fed: 0.233±0.002mm versus 0.207±0.004mm, p<0.05; ad-lib fed: 0.237±0.01mm versus 0.21±0.007mm, p<0.05). However there were no significant differences in Ct.Th of loaded tibiae between the two groups. (Figure 47D).
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[bookmark: _Toc383544638]
Figure 47 Cortical bone mass and architecture  measured at the mid-shaft region of the left non-loaded (control) and right loaded tibiae with maximal loading regimen of 20-month-old fed (n=8) or overnight fasted 2-hour fed (n=8) male mice 
Mechanical loading induced significant increase in Ct.Ar and Ct.Th in the right loaded tibiae compared with the left unloaded tibiae in both groups (A, D), but there were no significant differences between the two groups. There were no significant differences in Tt.Ar and Ma.Ar measured within and between the experimental groups (B, C). Bars represent mean±SE. * p<0.05

[bookmark: _Toc383723921]6.2.3 The effect of ageing on tibial trabecular bone response to maximal mechanical loading of fed or fasted 2-hour fed aged mice
As in the young mice there were differences between the trabecular bones of the two groups, but while loading was associated with changes in the older mice, none of them were different between the ad-lib and fasted fed animals. The structural changes of the trabecular bone of loaded and non-loaded tibiae of fed and fasted fed aged mice were compared using CT 3D models scanned at a high resolution of 4.3m (Figure 48).
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[bookmark: _Toc383544639]Figure 48 Trabecular bone response to mechanical loading in aged male mice 
Representative 3D images of 1mm-thick analysed trabecular bone region of interest 0.2mm below the growth plate of loaded (right) and non-loaded tibiae (left) of fed and fed for 2 hours following overnight fast aged male mice. Scale bar = 100m
Trabecular bone volume fraction (BV/TV)
In male mice, ageing reduced the loading related response in trabecular BV/TV. The trabecular BV/TV increased by 21% of the loaded right tibiae in fed group and 40% in fasted fed group compared with the left non-loaded tibiae. When compared with trabecular bone parameters of the contralateral non-loaded tibiae, BV/TV of the right loaded tibiae in fasted fed mice (7.1±0.5% versus 5.1±0.4%, p>0.05) was not significantly increased compared with ad-lib fed mice (7.7±0.8% versus 6.3±0.6%, p>0.05) (Figure 49A). 

Trabecular number (Tb.N) 
Trabecular number response to mechanical loading reflected dramatic reduction of trabecular numbers with ageing. There was increase in Tb.N of loaded right tibiae compared with the non-loaded left controls in both groups (fasted fed: 1.8±0.2mm-1 versus 1.2±0.1mm-1, p>0.05; fed: 1.9±0.2mm-1 versus 1.6±0.2mm-1, p>0.05). There were no significant differences in Tb.N between the loaded tibiae of fed mice and those fed for 2 hours following overnight fasting (Figure 49B). 

Trabecular pattern factor (Tb.Pf) 
One of the analysed trabecular parameters, which appeared to have significant mechanical loading induced changes, was the Tb.Pf. In aged ad-lib fed male mice, Tb.Pf of the loaded right tibiae decreased by 96% and 111% in fasted 2-hour fed aged mice compared with their left non-loaded controls, however there were no significant changes between the two groups (Figure 49C). Tb.Pf of the loaded right tibiae significantly decreased in both fasted 2-hour fed and ad-lib fed groups compared to the left non-loaded tibiae (-2.3±4.3mm-1 versus 20.8±3.3mm-1, p<0.001 and 0.7±3.7mm-1 versus 17.3±1.5mm-1 p<0.01 respectively) (Figure 49C).

Trabecular thickness (Tb.Th)
The increase in Tb.Th was reduced in response to the mechanical loading in aged male mice. Tb.Th of the loaded right tibiae compared with the non-loaded left tibiae was unchanged in fed mice (0.04±0.001mm versus 0.04mm±0.001mm, p>0.05) and in fasted fed mice (0.039±0.002mm versus 0.04±0.002mm, p>0.05) (Figure 49D). There were no significant differences in Tb.Th between the bones of ad-lib fed aged mice and those fed for 2 hours following overnight fasting (Figure 49D).
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[bookmark: _Toc383544640]Figure 49 Trabecular bone mass and architecture measured at the proximal region of the left non-loaded (control) and right loaded tibiae with maximal loading regimen of 20-month-old fed (n=8) or overnight fasted 2-hour fed (n=8) male mice 
Mechanical loading induced significant decrease in Tb.Pf in the right loaded tibiae compared with the left unloaded tibiae in both groups (C), but there were no significant differences between the two groups. There was non-significant increase in trabecular BV/TV and Tb.N measured within and between the experimental groups (A, B), whereas Tb.Th remained relatively unchanged (D). Bars represent mean±SE. ** p<0.01, *** p<0.001
[bookmark: _Toc383723922]6.3 Discussion 
In this chapter we determined the effect of ageing on bone adaptation to mechanical loading in fed and fasted fed aged mice. Studies showed that ageing in fed and fasted fed male mice impaired cortical bone’s adaptation to two-week axial mechanical loading of the tibiae. In the trabecular bone, loading-related decrease in trabecular pattern factor was not affected by ageing.  However, there was an age-related impairment in an increase of the other trabecular parameters. 
[bookmark: _Toc383723923]6.3.1 Differences in feeding behaviour of fed and overnight fasted aged male mice 
Similar to young adult mice, overnight fasting for 16 hours had an impact on feeding behaviour of aged mice although aged male mice were heavier than young adults (see section 3.2.1). Consistent with the previous observations, overnight prolonged food deprivation reduced body weights of aged C57BL/6 mice by around 7% (Vermeulen et al., 1997, Ayala et al., 2006, Wehkamp et al., 2007), but the relative weight loss was less severe compared with that in the young adult mice, which could be due to age-related changes in energy metabolism. The mice lost weight due to overnight food deprivation since the bedding material, wood shavings were removed from the cages prior the fasting as the hungry mice may consume them.  

Increased food intake, known as a hyperphagic response incited by catabolic state, was observed for 2 hours during re-feeding period in 16-hour fasted mice compared with mice that had free access to maintenance diet ad libitum, Figure 44. As energy stores were replenished and body weights increased, the food intake of fasted aged mice was reduced returning to normal, whereas food intake of ad-lib fed mice was relatively continuous throughout the experiment. This process is described as a homeostatic feeding response, similar response was observed in young adult mice (Ellacott et al., 2010). The hyperphagia, observed during re-feeding period in aged mice, was to correct negative energy balance, and failure to consume large food would indicate a deficiency in the homeostatic response.  All the mice were acclimatised for a week and housed individually, which reduced the experimental stress and influence of the social behaviour on feeding (Tamashiro et al., 2007). We observed mice drinking infrequently without food since feeding and drinking events are synchronised (Kurokawa et al., 2000). 

Information obtained from the studies of feeding behaviour in aged mice undoubtedly sheds light on human physiology and pathophysiology. However, as discussed in the Chapter 3 there are differences in feeding behaviour between mice and humans, which should be accounted for when using mice as a model of human eating behaviour. Mice consume more food and water during scotophase (dark period) than during photophase (light period) according to the nocturnal pattern (Gannon et al., 1992, Kurokawa et al., 2000, Ayala et al., 2006). Additionally, mice have higher surface area to volume ratio compared to humans meaning mice spend more energy to maintain their core body temperature. Fasting-induced torpor could trigger adaptive increase of food intake observed in mice fasted for 24 hours due to progressive drop of the body temperature (Kanizsai et al., 2009). However aged mice in our experiment were fasted for 16 hours, therefore, torpor should not have affected interpretation of our results. Nevertheless, the primary purpose of this study was to assess the feeding behaviour of prolonged fasted fed aged male mice and ultimately the timing of feeding required for fasted mice to deplete standard chow following overnight food restriction. Further studies could expand to include female aged mice since, like humans, body compositions and fat distribution are different between male and female mice. Additionally hormonal variations due to estrous cycle may affect the energy balance in female mice (Asarian, 2006, Hill et al., 2008). 
[bookmark: _Toc383723924]6.3.2 The effect of ageing on cortical bone’s response to mechanical loading
In this study we report that aged mice had less robust changes in cortical and trabecular bone mass and architecture in response to the maximal mechanical loading than young mice (Rubin et al., 1992, Turner et al., 1995, Srinivasan et al., 2003, Willie et al., 2013, Meakin et al., 2014). 

Aged male mice were heavier than young adults, therefore implying greater bodyweight engendered strains on the long bones. However, bone mass measures are generally lower in older animals, indicating failure of the mechanostat as it functions to optimise bone mass and architecture based on the prevailing strains and induce adaptive skeletal response (Iwaniec and Turner, 2016). It has been previously shown strong correlation between bodyweights and bone mass (Saxon et al., 2012). 

The experimental procedures did not affect longitudinal tibial length of left control and right loaded tibiae of aged male mice within and between the fed and fasted fed groups as expected (Figure 45). Longitudinal bone growth does not end at sexual maturity in mice (6-8 weeks of age) but slows to very low levels, in contrast, cartilage deposition ceases and longitudinal appositional growth stops with puberty in humans (Parfitt, 2002, Jilka, 2013). This difference should be accounted for when using a mouse as a model of human skeletal ageing. However, it was shown that the body lengths of C57BL/6 mice, an index of bone growth in axial skeleton, did not change between 12 and 24 months of age (Courtland et al., 2013). 

CT imaging of tibiae of 20-month-old C57BL/6 mice at high resolution revealed that cortical bone became thinner and appeared more porous with advancing age as previous studies have already demonstrated (Weiss et al., 1991, Ferguson et al., 2003, Courtland et al., 2013), (Figure 46). In cortical bone, it became more apparent that ageing impaired the magnitude of bones’ adaptive response to mechanical loading, which was consistent with the previous findings (Meakin et al., 2014, Meakin et al., 2015). 

The response of cortical bone area to mechanical loading regimen with 10N force was reduced in aged ad-lib fed and fasted 2-hour fed male mice compared with that in young adults. In aged mice, there was a small, but significant increase in Ct.Ar and Ct.Th between the left control and right loaded tibiae, but there were no significant differences between the loaded tibiae of fasted 2-hour fed mice and those who had free access to food ad libitum (Figure 47A, D). The age-related loss of the cortical bone area was primarily due to increase in marrow area in aged male mice. No significant decrease in Ma.Ar or overall increase in total cross-sectional tissue area inside the periosteal envelope (Tt.Ar) of the loaded tibiae were detected compared with the non-loaded tibiae in both ad-lib fed and fasted fed aged mice (Figue 47C, B). Furthermore, there were no significant differences in any measured cortical bone parameters between the two experimental groups.  
[bookmark: _Toc383723925]6.3.3 The effect of ageing on trabecular bone’s response to mechanical loading 
It was apparent that trabecular BV/TV was lower with age in proximal tibiae as assessed using CT, and there was a small non-significant adaptive increase in tibiae of ad-lib fed and fasted fed mice in response to loading regimen with 10N force (Figure 49A). This was a result of the reduction in trabecular number accompanied with impaired increase in trabecular thickness in aged male mice (Figure 49B,D) which is consistent with the previous studies in mice and humans (Ferguson et al., 2003, Riggs et al., 2008, Willinghamm et al., 2010). This can be accounted for by age-related abolition of positive effects of osteogenic loading on trabecular bone, which we have observed in young adult mice. Increase of Tb.N in aged male mice was significantly lower in response to loading compared with that in young adult mice. In aged 20-month-old male mice we have observed significant decrease in trabecular pattern factor of the laded right tibiae compared with the non-loaded left controls in ad-lib fed and fasted fed groups, which corresponds to the new connections of the trabeculae being formed within the volume of interest (Figure 49C). The age-related increase in Tb.Pf and corresponding decrease in connections was reported previously in aged female, but not male, mice indicating sex-specific age-related changes in trabecular bone architecture (Meakin et al., 2014, Meakin et al., 2015). 
[bookmark: _Toc383723926]6.3.4 Food ingestion for 2 hours following overnight fast does not potentiate bone’s adaptive response to osteogenic loading in aged male mice
As discussed previously, several studies reported the effect of ageing on cortical and trabecular bones’ adaptive responses to loading (Rubin et al., 1992, Turner et al., 1995, Srinivasan et al., 2003, Willie et al., 2013, Meakin et al., 2014). We have found that, unlike young adult mice (shown in Chapters 4 and 5), feeding for 2 hours following overnight fast did not potentiate cortical bone adaptation to osteogenic loading in aged male mice. The μCT measurement method around the circumference may have effectively diluted the changes of the cortical bone in response to loading since the changes were not uniform, and in the future more focused methods will be used to assess the new bone areas/volumes. In cortical bone, evidently there was an impairment of the mechanostat that reduced cortical bone sensitivity to mechanical stimulation in aged male mice. The altered cortical bone response to the strain-related stimulus in aged male mice is likely to reflect the deficiencies in osteoblast recruitment, differentiation and function. In the klotho mouse, an animal model of a premature ageing, it was shown that osteocytes underwent apoptosis perhaps because of the impaired secretion of anti-apoptotic factors due to the alterations of fluid flow within the canalicular-lacunar network caused by the mechanical loading and their interactions with the bone matrix (Suzuki et al., 2005, Rochefort et al., 2010). Other age-dependent molecular and genetic changes in bone, including decrease of Wnt-associated genes, were shown to affect bone’s adaptation to mechanical loading (Bennett et al., 2005, Rauner et al., 2008). 

The 20-month-old aged male mice had little trabecular bone mass remaining with few trabeculae within each CT slice in the analysed region of interest and variations between individual mice (Figure 48). One parameter that was not affected by age-related bone loss was the trabecular pattern factor. However, even with the significant decrease in Tb.Pf, trabecular bone response to loading in the aged mice would unlikely restore the trabecular bone mass and architecture to that of observed in young male mice, which accounts for the age-dependent differences in overall gain in trabecular bone volume fraction, number and thickness.

Bone architecture and mechanosensitivity are influenced by age-related endocrine and paracrine changes, which exhibit their effects directly through the mechanostat or indirectly influencing the context in which mechanostat operates. A study by Brodt and Silva reported short-term anabolic response of the cortical bone to mechanical loading in 22-month-old BALB/c mouse model (Brodt and Silva, 2010). This may be due to different strain of mouse used in their study and/or differences in the experimental design. The authors applied the same magnitude of loading on young and aged mouse tibiae, which means that aged mice experienced higher strains than young ones leading to the increased anabolic response and sustained fibial fractures during the loading process. We have applied non-invasive axial tibial loading on anaesthetised young and aged animals, which allowed to match the number of loading cycles, peak strain magnitudes and rates between the animals. The studies included in the next chapter are aimed to determine some of the possible responsible endocrine changes underlying bone’s osteogenic response to maximal mechanical loading in fasted/fed states in young mice and the effect of ageing on these interactions. We have not yet explored the effect of timing of feeding in aged animals in various proximal, mid-shaft and distal sites of the tibiae that might allow us to identify potentiating intervention. 
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6.4 Conclusions 
In the studies presented within this chapter we have assessed the feeding behaviour of overnight fasted aged male mice and established whether modulating effects of feeding on the osteogenic response to loading was age-dependent. Following overnight 16-hour fast, aged mice exhibited significantly increased food intake for 2 hours compared with mice that had free access to food ad libitum. Unlike the young adult mice, there was an age-dependent impairment of the cortical bone osteogenic response to mechanical loading in 20-month-old fed and fasted 2-hour fed male mice.  Increase in trabecular connectivity in response to the mechanical loading was unaffected in aged mice, but overall increase in bone volume fraction, trabecular number and thickness appear impaired by ageing. Studies of the potential endocrine changes underlying the findings in this chapter will be explored in details in Chapter 7 of this thesis. 
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CHAPTER 7
The changes of hormone concentrations in fed and fasted fed young and aged mice


































[bookmark: _Toc383723929]7.1 Introduction
In the previous chapters we have determined that food ingestion for 2 hours, but not 1 or 3 hours following overnight 16-hour fast potentiated bone’s osteogenic adaptive response to mechanical loading in young but not aged mice. Moreover, we have revealed that changing timing of feeding can turn ineffective loading stimulus, that does not normally cause bone formation, into an effective one in young mice consistent with our hypothesis. The results suggest that there are differences in adaptive responses to axial mechanical loading in bones of aged mice consistent with the previous studies (Turner et al., 1995, Srinivasan et al., 2003). Age-related bone loss across multiple sites within the skeleton suggests that systemic regulation of bone homeostasis plays an important role. 

As discussed previously, several studies showed synergistic interactions between hormones with anabolic effects on bone and effects of exercise, so that levels of exercise or hormones, that alone do not stimulate bone formation, do so when applied together (Jacobs, 2000, Samuels et al., 2000, Li et al., 2003, Kim et al., 2003, Sugiyama et al., 2008). Understanding synergies between the endocrine system and exercise could provide long-term health benefits for people to build and maintain a healthy skeleton throughout the life-course. Ingestion of macronutrients, including dietary protein, carbohydrates, fat and fibre, provokes a wide range metabolic responses in multiple tissues and causes release of gastro-entero-pancreatic hormones in humans (Nicholl et al., 1985, Karhunen et al., 2008, Teff, 2011, Begg and Woods, 2013). The concentrations of such hormones differ during fasting and fed states, and many have potent regulatory effects on bone formation (Talbott et al., 1998, Naot and Cornish, 2008, Shi et al., 2008). The roles of the gastrointestinal and pancreatic hormones on bone homeostasis were considered in detail within the general introduction (Chapter 1) of this thesis. 

We have previously assessed the expression at the mRNA level of GI hormone receptors including insulin, amylin, GIP, GLP1 and GLP2 in two osteoblastic cell lines SaOS-2 and Te85 in vitro (Samvelyan et al., 2014). In order to identify possible mechanisms behind the potentiation of mechanical loading by fasting then feeding for 2 hours, but neither 1 hour nor 3 hours, the first primary aim was to measure hormones that changed during that period of time and may be associated with the potentiation of bone’s response to loading.  

The second aim of the studies included in this chapter was to measure the concentrations of serum cortisol in young and aged male C57BL/6 mice to determine the regulation of stress responses in mice, the effect of ageing on cortisol dynamics and importantly, to ensure that blood sampling was not causing stress induced alterations in hormones. Elevated endogenous serum glucocorticoid concentrations are associated with increased skeletal fragility and reduced bone mass (Weinstein et al., 2010, Komori, 2016). Increased glucocorticoids are known to inhibit bone formation; exogenous treatment with glucocorticoids can induce osteoporosis in humans (glucocorticoid-induced osteoporosis) (Chavassieux et al., 1993, Compston, 2010, Ding et al., 2010) and osteopenia in rodents through direct and indirect actions on bone cells (Weinstein et al., 2002, Sobhani et al., 2004, Weinstein et al., 2010). This has led to the development of the Guidelines from the American College of Rheumatology for the prevention and treatment of glucocorticoid-induced osteoporosis (Buckley et al., 2017).

In this chapter we present the measurements of circulating concentrations of metabolic hormones including ghrelin, leptin, insulin, GIP and GLP1 during fasted and fed states in young adult and aged male C57BL/6 mice. Identification of feeding protocols and the timing of food ingestion that affect the response of bone to load in a mouse model, may provide evidence for the potential development of advice for people, for example, by providing information when to exercise in relation to meals. However, translation of evidence from mouse studies to humans would require direct studies on humans since it cannot be assumed that i) any food ingestion: exercise effects observed in mice would occur in humans and ii) the temporal relationships observed in mice would apply in humans. Since many neural circuits and hormonal mediators involved in energy homeostasis including ghrelin and leptin that were originally revealed and characterised in mouse models also applied in humans (Rahilly and Farooqi, 2008), it is reasonable to hypothesise that similar pathological regulation of bone by energy-related mediators will apply in both species. As a step towards identification of potential strategies for preservation of bone architecture during ageing, this chapter reports on the endocrine mediators of how bone metabolism responds to the timing of food ingestion. 














[bookmark: _Toc383723930][bookmark: _Toc383723931]7.2 Results
7.2.1 Serum concentrations of ghrelin, leptin, insulin, GIP and GLP1 in fed or overnight fasted fed young 17-week-old male mice 
We have explored whether synergistic interactions existed beteween five potential candidate hormones with either direct or indirect anabolic effects on bone secreted in antisipation or in response to feeding/fasting and bone’s potentiated response to mechanical loading. 

Experimental details: Serum concentrations of ghrelin, leptin, insulin, GIP and GLIP1 were measured in duplicate in young 17-week-old fed (n=6) or overnight (16-hour) fasted fed (n=7) male C57BL/6 mice at 3 time points (12pm, 2pm and 3pm) using mouse multiplex diabetes assay as described in the general methods (section 2.3.4). The blood samples were collected in relation to the time-periods of feeding/fasting of the mice. As described in the Chapter 3 (see section 3.2.1) food introduction at 12pm following 16-hour fast, resulted in an increased (approximately 2g more) food intake for 2 hours in fasted mice compared with free-fed control mice (Figure 20B).

The mean concentrations of hormones at each sampling time are shown in the Table 6. In ad-lib fed mice serum ghrelin concentration was approximately twice as high at 14:00 compared with that at 12:00. In contrast, in fasted fed mice, ghrelin concentration fell between 12.00 and 14.00 when concentration was significantly lower than that in the fed mice (Figure 50). In fasted fed mice, serum leptin concentration was significantly higher at 14:00 and 15:00 compared with that at 12:00, whereas in ad-lib fed mice the concentrations of serum leptin remained unchanged throughout the experiment (Figure 51). Fasting serum concentration of leptin was significantly lower at 12:00 and significantly higher at 15:00 in fasted fed mice compared with those in ad-lib fed mice. Serum insulin concentration significantly increased in fasted mice after 2-hour feeding and in comparison to that in ad-lib fed mice, then significantly decreased at 15:00 compared with 14:00 in fasted fed mice (Figure 52). Serum GIP and GLP1 concentrations significantly increased at 14:00 and 15:00 compared with fasting serum concentration at 12:00 in fasted fed young male mice, whereas serum concentrations of GIP and GLP1 were unchanged in ad-lib fed mice at three time points (Figures 53 and 54). There were no significant changes in serum GIP concentrations between fed and fasted fed groups (Figure 53), whereas serum GLP1 concentration was significantly higher at 15:00 in fasted fed mice compared with that in ad-lib fed mice (Figure 54).  

















[bookmark: _Toc383545832]Table 6 Serum concentrations of five hormones (ghrelin, leptin, insulin, GIP and GLP1) in fed or overnight (16-hour) fasted fed young male mice

	
	
	Fed
	
	

	
	12:00
	14:00
	15:00
	p-value 

	Hormone 
	
	
	
	

	Ghrelin
	  702.5±161.9
	1492.6±156.2
	1326.4±119.1
	<0.05a

	Leptin
	  298.1±0.0
	  268.7±25.2
	  275.5±25.2
	

	Insulin
	  928.6±93.5
	1022.6±133.05
	1290.9±110.1
	

	GIP
	    53.8±3.02
	    50.2±3.0
	    51.4±2.3
	

	GLP1
	      7.7±0.5
	      7.0±0.4

	      7.0±0.5
	

	
	
	Fasted Fed

	
	

	Ghrelin
	1233.4±250.8
	  757.2±95.11
	1142.6±47.9
	

	Leptin
	    95.3±14.61
	  436.7±62.3
	  600.6±76.13
	<0.0001b

	Insulin
	 552.04±0.0
	2175.4±302.72
	1319.4±107.2
	<0.05c

	GIP
	    43.7±1.5
	    57.9±2.1
	    56.4±3.3
	0.01b

	GLP1
	      6.9±0.6
	    10.4±1.2
	    10.7±1.11
	0.05b



Two-way ANOVA used to assess the differences within and between the groups. Differences were considered statistically significant at a value of p<0.05. Comparisons of time points within the same group are indicated as a12:00<14:00; b12:00<14:00,15:00; c12:00<14:00>15:00. Comparisons of same time points between the groups are indicated as 1p<0.05; 2p<0.01; 3p<0.001
Results are expressed as pg/ml, mean±SE
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[bookmark: _Toc383544641]Figure 50 Changes in ghrelin serum concentrations in young 17-week-old fed (n=6) or overnight fasted fed (n=7) male mice 
In fed mice, serum ghrelin concentration significantly increased from 12:00 to 14:00 and declined at 14:00 in fasted 2-hour fed mice compared with that in fed mice. Bars represent mean±SE. Significant differences are indicated as * p<0.05
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[bookmark: _Toc383544642]Figure 51 Changes in leptin serum concentrations in young 17-week-old fed (n=6) or overnight fasted fed (n=7) male mice 
In fasted fed mice, serum leptin concentrations significantly increased at 14:00 and 15:00 compared with fasting serum concentration at 12:00 and remained unchanged in ad-lib fed mice. Concentration of serum leptin was significantly lower at 12:00 and significantly higher at 15:00 in fasted fed mice compared to those in ad-lib fed mice. Bars represent mean±SE. Significant differences are indicated as * p<0.05, *** p<0.001, **** p<0.0001
[bookmark: _Toc383544643][image: ]
Figure 52 Changes in insulin serum concentrations in young 17-week-old fed (n=6) or overnight fasted fed (n=7) male mice 
Serum insulin concentration significantly increased from 12:00 to 14:00 in fasted fed mice and in comparison to that in ad-lib fed mice, then significantly decreased at 15:00. Bars represent mean±SE. Significant differences are indicated as * p<0.05, ** p<0.01
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[bookmark: _Toc383544644]Figure 53 Changes in GIP serum concentrations in young 17-week-old fed (n=6) or overnight fasted fed (n=7) male mice
In fasted fed mice, serum GIP concentration significantly increased at 14:00 and 15:00 compared with those at 12:00 and remained unchanged in fed mice. Bars represent mean±SE. Significant differences are indicated as * p<0.05, ** p<0.01
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[bookmark: _Toc383544645]Figure 54 Changes in GLP1 serum concentrations in young 17-week-old fed (n=6) or overnight fasted fed (n=7) male mice 
In fasted fed mice, serum GLP1 concentrations significantly increased at 14:00 and 15:00 compared with those at 12:00 and remained unchanged in fed mice. Serum GLP1 concentration was significantly higher at 15:00 in fasted fed mice compared to that in ad-lib fed mice.  Bars represent mean±SE. Significant differences are indicated as * p<0.05


[bookmark: _Toc383723932]7.2.2 Serum concentrations of ghrelin, leptin, insulin, GIP and GLP1 in fed or overnight fasted fed aged 20-month-old male mice
In order to determine synergistic interactions between timing of feeding and bone’s impaired adaptive response to mechanical loading, we next examined the effect of ageing on the concentrations of five candidate hormones with anabolic effects on bone secreted in anticipation or in response to feeding/fasting. 

Experimental details: Similarly, serum concentrations of ghrelin, leptin, insulin, GIP and GLIP1 were measured in duplicate of fed (n=6) or overnight (16-hour) fasted fed (n=7) aged 20-month-old male C57BL/6 mice at three time points (12pm, 2pm and 3pm) using mouse multiplex diabetes assay as described in the general methods (see section 2.3.4). 

The mean concentrations of hormones are shown in the Table 7. In ad-lib fed mice, serum ghrelin concentrations were significantly higher at 14:00 and 15:00 compared to those at 12:00. In fasted fed mice, serum ghrelin concentrations increased but not significantly at 14:00 and 15:00 compared with that at 12:00 (Figure 55). In fasted fed mice, serum leptin concentrations significantly increased at 14:00 and 15:00 compared with those at 12:00, whereas in ad-lib fed mice remained relatively unchanged (Figure 56). In fasted mice, after 2-hour feeding, serum insulin concentration increased but not significantly at 14:00 and significantly decreased at 15:00 compared to that at 14:00, whereas serum insulin concentrations remained relatively constant at three time points in ad-lib fed mice (Figure 57). There were no significant changes in serum GIP and GLIP1 concentrations at any time points within and between the experimental groups (Figures 58, 59). No significant changes were detected in any measured hormone concentrations between fed and fasted fed aged mice. 


















[bookmark: _Toc383545833]Table 7 Serum concentrations of five hormones (ghrelin, leptin, insulin, GIP and GLP1) in fed or overnight (16-hour) fasted fed aged male mice

	
	
	Fed
	
	

	
	12:00
	14:00
	15:00
	p-value 

	Hormone
	
	
	
	

	Ghrelin
	803.1±128.5
	  2271.6±358.7
	2330.2±208.9
	0.01a

	Leptin
	 685.9±123.1
	    680.7±114.5
	  527.7±83.7
	

	Insulin
	 999.6±99.1
	    913.9±87.06
	1122.9±131.3
	

	GIP
	   45.9±1.6
	      43.1±0.9
	    44.6±1.8
	

	GLP1
	     6.2±1.06
	        7.1±0.9

	    6.07±0.8
	

	
	
	Fasted Fed 

	
	

	Ghrelin
	 943.7±255.9
	1862.02±277.2
	1933.7±326.5
	

	Leptin
	 291.9±32.02
	    831.8±135.04
	  935.2±185.8
	<0.05a

	Insulin
	 570.3±0.0
	  1457.8±207.9
	  800.4±57.3
	<0.05b

	GIP
	   35.3±3.1
	      62.6±12.4
	  48.05±15.7
	

	GLP1
	    3.7±0.9
	        5.5±0.8
	      4.7±0.7
	



Two-way ANOVA used to assess the differences within and between the groups. Differences were considered statistically significant at a value of p<0.05. Comparisons of time points within the same group are indicated as a12:00<14:00,15:00; b14:00>15:00 
Results are expressed as pg/ml, mean±SE






[image: ]

[bookmark: _Toc383544646]Figure 55 Changes in ghrelin serum concentrations in aged 20-month-old fed (n=6) or overnight fasted fed (n=7) male mice 
Serum ghrelin concentrations were significantly higher at 14:00 and 15:00 compared to those at 12:00 in fed but not fasted fed mice. Bars represent mean±SE. Significant differences are indicated as ** p<0.01
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[bookmark: _Toc383544647]Figure 56 Changes leptin serum concentrations in aged 20-month-old fed (n=6) or overnight fasted fed (n=7) male mice 
Serum leptin concentrations significantly increased at 14:00 and 15:00 compared with those at 12:00 in fasted fed mice and remained relatively unchanged in fed mice. Bars represent mean±SE. Significant differences are indicated as * p<0.05, ** p<0.01
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[bookmark: _Toc383544648]Figure 57 Changes in insulin serum concentrations in aged 20-month-old fed (n=6) or overnight fasted fed (n=7) male mice 
In fasted fed mice, serum insulin concentration increased but not significantly from 12:00 to 14:00, then decreased significantly at 15:00 compared to that at 14:00 and remained unchanged in fed mice. Bars represent mean±SE. Significant differences are indicated as * p<0.05
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[bookmark: _Toc383544649]Figure 58 Changes in GIP serum concentrations in aged 20-month-old fed (n=6) or overnight fasted fed (n=7) male mice 
There were no significant changes in serum GIP concentrations within and between the fed and fasted/fed experimental groups.
[bookmark: _GoBack][image: ]

[bookmark: _Toc383544650]Figure 59 Changes in GLP1 serum concentrations in aged 20-month-old fed (n=6) or overnight fasted fed (n=7) male mice
There were no significant changes in serum GIP and GLIP1 concentrations within and between the fed and fasted/fed experimental groups.


[bookmark: _Toc383723933]7.2.3 Dynamics of serum cortisol in young and aged male mice
Experimental details: We determined whether repeated blood sample collection by tail incision method had any effect on concentrations of the stress hormone cortisol in mice. The impact of stress in response to the repeated blood samplings was assessed by measuring cortisol concentrations in sera from young 17-week-old (n=5) and aged 20-month-old male C57BL/6 mice (n=7) using solid phase competitive ELISA assay. Small blood volumes (approximately 50l) were obtained from the lateral mouse-tail veins at three time points (12pm, 2pm and 3pm) in 24-hour period, and serum was separated for the analysis of cortisol dynamics. The cortisol assay was performed according to the manufacturer’s instructions as described in the general methods (appendix 1) in the Ageing Research Laboratory at Newcastle University NIHR Biomedical Research Centre (see section 2.3.3). The results of the assay are summarised in Figure 60. 

No significant changes were observed in cortisol concentrations in young adult and aged mice throughout the experimental day. In young mice cortisol concentration remained relatively constant, whereas in aged mice concentrations of cortisol increased non significantly from 12:00 until 14:00 (12:00 young 18.9±1.1ng/ml versus aged 14.8±2.2ng/ml; 14:00 young 18.7±1.9ng/ml versus aged 17.5±2.9ng/ml) and declined between 14:00 and 15:00 in both young adult and aged mice (15:00 young 16.7±2.1ng/ml versus aged 16.3±2.2ng/ml) (Figure 60). 
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[bookmark: _Toc383544651]
Figure 60 Concentrations of serum cortisol in young adult (n=5) and aged male C57BL/6 mice (n=7) at different times during a single day
Blood samples were obtained from the lateral tail vein of mice by tail incision method at 12:00, 14:00 and 15:00 of the experimental day. The concentrations of cortisol were measured in mouse sera using solid phase competitive ELISA assay. There were no significant changes in cortisol dynamics throughout the experiment in young adult and aged mice. Results are expressed as mean±SE
[bookmark: _Toc383723934]7.3 Discussion
The circulating concentrations of metabolic hormones that are potentially potent osteogenic agents depend crucially on food ingestion. Therefore, this led to the hypothesis that timing of food ingestion could alter the effectiveness of mechanical loading regimens. In this chapter we determined whether the physiological responses in concentrations of metabolic hormones during fasting or feeding following prolonged fasting could be responsible for the enhanced effects of mechanical loading/exercise on bone turnover in fasted fed animals that we have observed previously (see Chapters 4 and 5). 
[bookmark: _Toc383723935]7.3.1 The concentrations of ghrelin, leptin, insulin, GIP and GLP1 differ during fasted and fed states in young and aged mice
We have measured the serum concentrations of five metabolic hormones including ghrelin, leptin, insulin, GIP and GLP1 in both young and old mice in response to feeding and fasting. The changes in serum concentrations of these metabolic hormones influenced by feeding/fasting could be consistent with their role in the potentiation of bone’s adaptive response to artificial loading we have observed. 

As discussed in the general introduction (Chapter 1) ghrelin, is produced mainly in stomach and increasing concentrations of ghrelin during fasting is an important factor in meal initiation (Asakawa et al., 2001, Kojima and Kangawa, 2005). Circulating ghrelin concentrations rise during fasting with the peak of circulating ghrelin concentrations after about 8-hour fasting, and ghrelin concentrations are supressed by around 26% within 20min of food ingestion (Tolle et al., 2002, Gluck et al., 2006). As shown in Figure 10, plasma ghrelin concentrations rise preprandially as a result of cephalic signals to increase sensitivity to taste and smell in rodents and then decline, reducing further as meal begins. As expected, in previously fasted mice serum ghrelin concentration declined significantly 2-hour after feeding at 14:00. 
Ghrelin secretion was not supressed 2-hour after feeding in aged male mice, which was in agreement with the previous studies. Takeda et al. showed that circulating plasma ghrelin concentrations were lower in young mice under fed conditions compared with that in aged mice due to age-related metabolic changes. Furthermore, under fasting conditions plasma acylated ghrelin concentrations and expression levels of NPY/agouti-related protein (AgRP) were lower in aged mice compared with those in young mice (Takeda et al., 2010). The orexigenic effects of ghrelin are mediated by activating adenosine monophosphate-activated protein kinase (AMPK) in NPY neurones of the hypothalamic arcuate nucleus, where ghrelin receptors are expressed (Drazen et al., 2006, Kohno et al., 2008, Szentirmai et al., 2010). 

Leptin, secreted from the adipose tissue, is antagonistic to ghrelin and is involved in long-term regulation of energy metabolism (Figure 61). It increases energy expenditure and supresses food intake by acting through its receptors expressed in hypothalamic arcuate nucleus (Wauters et al., 2000, Cowley et al., 2001, Small and Bloom, 2004). Serum leptin concentration was decreased significantly at 12:00 in response to fasting and increased at 14:00 and 15:00 after feeding compared to ad-lib fed young mice. This was consistent with the previous studies, which have shown that leptin concentrations were significantly lower in fasted mice compared with that in non-fasted mice and significantly increased under feeding conditions (Rayner et al., 1998, Trayhurn et al., 1998, Takeda et al., 2010). In aged mice, serum leptin concentrations significantly increased at 14:00 and 15:00 compared with fasted concentrations at 12:00, however levels of leptin were higher in both ad-lib fed and fasted fed aged mice than in young mice. Studies of age-related metabolic changes revealed that leptin concentrations under feeding conditions are substantially higher in aged mice, which is in agreement with our findings (Takeda et al., 2010, Stenholm et al., 2011).
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Figure 61 Relationship between ghrelin, leptin and GH-IGF axis in regulation of bone metabolism 
Absorption of calcium, phosphate and nutrients from GI tract provides building blocks for bone formation. Ghrelin, leptin, GH, IGF1 and other osteotropic factors sense nutrient availability and body energy requirements and directly and indirectly regulate bone metabolism at both paracrine and endocrine levels. 
Image reproduced with permission from (Delhanty et al., 2014)  



Hormones secreted from the endocrine pancreas including insulin, glucagon, amylin and PP (pancreatic polypeptide) are crossroads of many pathways of metabolic homeostasis. Secretion of these hormones are influenced by food intake and body fat, which in turn regulate caloric intake and body weight through various peripheral and central mechanisms (Woods et al., 2006). Insulin, like leptin, is a major regulator of long-term energy balance (Havel, 2001, Porte Jr et al., 2002). Ghrelin regulates insulin secretion by increasing GI motility and directly supressing insulin secretion by pancreas (Dezaki et al., 2004, Wang et al., 2010). During fasting circulating insulin concentrations are low (basal condition) and as eating commences, plasma insulin concentrations rise primarily to regulate blood glucose concentrations (Henquin et al., 2006, Oliver et al., 2006). Glucagon, on the other hand, is the main stimulator for glucose production and secretion from liver. Amylin, co-secreted with insulin by pancreatic β cells, reduces food intake, inhibits pancreatic glucagon and enzyme secretion and enhances insulin function by regulating postprandial plasma glucose concentrations (Lutz, 2006, Woods et al., 2006). 

Unsurprisingly, in overnight fasted young and aged mice serum insulin concentrations were low at 12:00 compared with those in ad-lib fed young and aged mice. As shown in Figure 10, cephalic insulin secretion initiated by signals from the brain begins 10-15min before the anticipated meal, and as eating occurs plasma insulin concentrations rise further. Cephalic insulin secretion is essential for the efficient disposal of absorbed glucose (Teff, 2011). In agreement with this, in response to 2-hour feeding serum insulin concentrations significantly increased in young but not aged mice and significantly decreased at 15:00 in both age groups. Ageing is commonly associated with insulinopenia (hypoinsulinism), as occurs in type 1 diabetes, resistance to the metabolic actions of insulin, glucose intolerance and altered glucose-insulin axis (Grundleger et al., 1980, Carvalho et al., 1996, Stenholm et al., 2011). In rodent animal models it was shown that pancreatic β cell metabolism was impaired as a consequence of ageing, which was correlated with impaired biphasic insulin secretion (Nagamatsu et al., 1999, Chan et al., 2001, Zhang and Herman, 2002, Selman and Withers, 2011, Houtkooper et al., 2011). This could explain the impaired insulin secretion in response to feeding in our aged mice. 
Incretins including GIP and GLP1 hormones are released from small and large intestines in response to food intake and stimulate pancreatic insulin secretion and slow gastric emptying (Miyawaki et al., 1999, Mortensen et al., 2003, Vilsbøll et al., 2003, Drucker, 2006). As shown in Figure 10, GLP1 is secreted approximately 1h before the anticipated meal in rats, concentrations then return to baseline by meal time with levels increasing as eating commences. Consistent with the previous findings, feeding significantly stimulated GIP and GLP1 secretion at 14:00 and 15:00 compared with fasting serum concentrations of GIP and GLP1 in young but not aged male mice. Unsurprisingly, in ad-lib fed young and aged mice the concentrations of GIP and GLP1 remained unchanged. 

GLP1 has a short half-life, once released, is rapidly within few minutes proteolysed by DPP4 (dipeptidyl peptidase-4) to biologically inactive form in humans and animals (Detel et al., 2007, Padidela et al., 2009). In the elderly adults with type 2 diabetes, the response of GLP1 to feeding is shown to be reduced (Vilsbøll et al., 2001, Logroscino et al., 2004). The expressions of GIP receptors in mice are down regulated with ageing resulting in the loss of the GIP signalling (Ding et al., 2008). These age-related changes may account for the reduced serum GIP and GLP1 concentrations in response to feeding following overnight fasting in aged mice. 
[bookmark: _Toc383723936]7.3.2 The associations between altered concentrations of candidate metabolic hormones and bone’s adaptive response to loading in young and aged mice
As discussed in the general introduction (Chapter 1), ghrelin has direct anabolic effects on bone homeostasis both in vivo and in vitro. Circulating fasting ghrelin concentrations were correlated positively with BMD in women (Amini et al., 2013). Intraperitoneal infusion of ghrelin increased BMD in rodents, and both ghrelin and its receptor growth hormone secretagogue receptor 1a (GHS-R1a) were identified in osteoblast like cells (Fukushima et al., 2005). Ghrelin regulates bone formation by stimulating osteoblast differentiation in humans and rodents and inhibits osteoblastic apoptosis in vitro (Fukushima et al., 2005, Kim et al., 2005, Maccarinelli et al., 2005, Sibilia et al., 2005, Delhanty et al., 2006). The rhythmicity of ghrelin secretion throughout the day with high circulating ghrelin concentrations during fasting and low concentrations after the food intake suggests that ghrelin is unlikely to be the acute factor, which potentiates effect of exercise 2 hours after feeding on cortical bone of our young male mice. In humans infusion of ghrelin did not result in acute changes in bone turnover markers including CTX and PINP (Huda et al., 2007). In future it would be interesting to determine whether mechanical loading affects ghrelin secretion in our mice since it was shown that exercise training increases acylated fasting ghrelin concentrations in middle age women (Ueda et al., 2013). However, it has also been shown that acute exercise supressed acylated ghrelin concentration in young men (Broom et al., 2007). 

Elevated concentrations of ghrelin observed in our aged mice at 14:00 may have contributed to increased bone turnover characteristic to the fasted state (Costa et al., 2011). Ghrelin is a circulating orexigenic appetite-regulating peptide, which is part of a feedback loop between the periphery and brain and important factor in aging shown both in humans and mouse models of ageing (Fujitsuka et al., 2016). During ageing plasma ghrelin concentrations in brown adipose tissue are elevated, which may lead to impairment and imbalance in thermogenic regulation (Lin et al., 2014). Ageing may impair the endogenous ghrelin signalling pathways (Girardet et al., 2014, Bayliss and Andrews, 2016), most importantly, the anabolic effects of ghrelin on bone and long-term regulation of energy homeostasis are affected by age (Smith et al., 2007, Van der Velde et al., 2012). 

Ghrelin directly and indirectly interacts with leptin to modulate bone structure comprising a metabolically balanced mechanism that couples bone homeostasis with energy metabolism (Welt et al., 2004, Hamrick et al., 2008b, Rosen et al., 2009). As discussed in general introduction (Chapter 1), leptin plays significant role in bone metabolism. Leptin is linked to an increased cortical bone mass having direct effects on osteoblasts and osteoclasts (Thomas et al., 1999, Hamrick et al., 2008b) and through stimulation of GH-IGF axis and inhibition of NPY, which is opposite to the effect of ghrelin (Welt et al., 2004, Hamrick et al., 2008b, Diéguez et al., 2011). Van der Velde et al. showed that leptin deficiency decreased trabecular and cortical bone mass by reducing BV/TV, Tb.Th and Ct.Th in young mice independent of ghrelin signalling (Van der Velde et al., 2012). Thus, leptin may have played a role in the potentiated response of cortical bone to osteogenic loading observed in fasted 2-hour fed young adult mice.

Leptin mediated peripheral and central regulation of bone metabolism is age-dependent. The amount of leptin secreted into the blood changes in correlation with weight changes sending altered adiposity signals to the brain (Woods et al., 2006). The old mice in our studies were heavier than young adults (see Chapter 6). It is shown that as mice age, the circulating concentrations of leptin rise and exhibit age-related change in dynamics (Xie et al., 2005b). Karsenty and his group have shown that leptin affects osteoclastogenesis through two pathways; CART (negative) and SNS (positive) (Takeda et al., 2002, Elefteriou et al., 2005, Karsenty et al., 2009, Yadav et al., 2009). Recent findings suggest that peripheral activity of leptin is more likely to have an impact on bone homeostasis than regulation through a central relay. However, in older Ghrs-/- mice increased osteoclast number is due to more robust leptin signalling through SNS compared with CART pathway since evidently sympathetic tone increases with ageing (Seals and Dinenno, 2004), whereas age-related changes in CART signalling are unclear (Kmiec, 2006). These changes in leptin concentrations and signalling pathways could partially account for attenuated bone’s response to osteogenic loading observed in our fasted 2-hour fed aged male mice. 
The feedback mechanism between insulin and bones enables interplay between regulation of the skeletal homeostasis and energy metabolism (Clemens and Karsenty, 2011, Karsenty and Ferron, 2012). As discussed in details within the previous chapters, insulin receptors are expressed on osteoblasts (Samvelyan et al., 2014) and osteoclasts in humans and animals and insulin increases bone formation and decreases bone resorption both in vivo and in vitro (Pun et al., 1989, Cornish et al., 1996, Thomas et al., 1998, Bjarnason et al., 2002). Therefore, our hypothesis that significantly increased circulating concentrations of insulin, regulated by timing of feeding, along with other osteogenic hormones could explain bone’s potentiated response to maximal mechanical loading in young mice appears to be correct. Despite decreased bone strength, chronic hyperinsulinaemia in type 2 diabetes was associated with increased bone mineral density both in men and women (Parkinson and Fazzalari, 2003, Strotmeyer et al., 2004, Thrailkill et al., 2005). Additionally, insulin can bind and activate IGF-1 receptors, which are also expressed on osteoblasts and have anabolic effects on bone (Fulzele et al., 2007). 

Unlike the young mice, after overnight (16-hour) fasting there was no significant increase in insulin concentration at 14:00 compared with that at 12:00 in our fasted 2-hour fed aged male mice. Insulinopenia and insulin resistance are associated with deterioration of skeletal health including increased risk of fractures, osteoporosis, osteopenia and decreased bone strength and healing characteristics in elderly adults (Thrailkill et al., 2005). Additionally, insulin may exert synergistic effects on bone with other anabolic agents including IGF-1 and PTH. In young mice, IGF-1 is primarily released from muscle into serum during exercise and exerts paracrine effects to increase muscle and bone mass including periosteal bone formation (Yeh et al., 1994, Niu and Rosen, 2005). In aged mice, IGF-1 release following exercise is impaired (Hameed et al., 2003, Hameed et al., 2008). The growth hormone (GH), produced by anterior pituitary gland, is downstream regulator of IGF-1. Circulating GH concentrations peak during puberty and decline with ageing, therefore, IGF-1 production also declines with ageing (Landin-Wilhelmsen et al., 1994, Riggs et al., 2002). Decline in circulating concentrations of osteogenic hormones including insulin, GH and IGF-1 is thought to underlie the age-related reduction in bone formation. In addition to decline in circulating levels of these hormones, bone’s responsiveness to these hormones also seems to be demolished with ageing (Thrailkill et al., 2005). Taken together, reduced insulin secretion as an anabolic agent could explain the attenuated bone response to osteogenic mechanical loading observed in fasted 2-hour fed aged male mice. Further experiments need to be conducted to determine whether age-related changes in insulin secretion and sensitivity are gender dependant. Additionally, future studies of exercise invoked changes in local muscle contraction, blood flow and tissue oxygenation will allow to determine the effect of mechanical loading/exercise on systemic regulation of hormone secretion in fasted/fed animals.  As discussed in general introduction (Chapter 1) amylin, co-secreted with insulin, also exerts anabolic effects on bone (Cornish et al., 1998, Cornish et al., 1999, Bronsky and Prusa, 2004, Bronský et al., 2006, Naot and Cornish, 2008). Future studies will allow to determine the role of amylin during fasting and feeding in mediating bone’s response to loading in mice. 

Increased concentrations of circulating GIP and GLP1 after 2-hour feeding following overnight (16-hour) fast along with other osteogenic factors could underlie the cortical bone potentiated response to maximal mechanical loading in young adult mice. As discussed in the general introduction (Chapter 1), in vitro studies showed that GIP receptors are expressed on osteoblastic cell lines (Bollag et al., 2000, Samvelyan et al., 2014) and bone marrow stromal cells (Ding et al., 2008). GIP increased number and activity of osteoblasts and prevented PTH-induced osteoclast activation (Zhong et al., 2007). Studies using GIP receptor knockout mouse models (Miyawaki et al., 1999, Tsukiyama et al., 2006) and GIP overexpressing genetically modified mouse models (Xie et al., 2007, Ding et al., 2008) revealed anabolic osteogenic effects of GIP on bone. 

GLP1 receptors were identified on both human and murine osteoblastic cells (Pacheco- Pantoja et al., 2011, Samvelyan et al., 2014) and bone marrow stromal cells (Sanz et al., 2010). Since GLP1 receptors are expressed on thyroid C cells, in murine models endogenous GLP1 stimulates secretion of calcitonin from thyroid C cells and contributes to decreased postprandial bone resorption through calcitonin-dependent pathway (Yamada et al., 2008, Nuche-Berenguer et al., 2009). GLP1 receptor knockout mice exhibit decreased cortical bone mass due to decreased calcitonin secretion and increased osteoclast number and function (Yamada et al., 2008). 

Reduction in GIP receptors and ultimate impairment of GIP and GLP1 signalling in bone cells may play a role in age-related bone loss and attenuated bone response to osteogenic stimuli as observed in our studies of aged mice. Studies using transgenic mice overexpressing GIP revealed that mice had increased bone formation and reduced bone resorption and, most importantly, reduced bone loss with ageing (Xie et al., 2007, Ding et al., 2008). Administration of GLP1 in normal, diabetic and insulin-resistant rats improved trabecular bone mass and microarchitecture and increased bone formation suggesting insulin independent anabolic effects of GLP1 on bone (Nuche-Berenguer et al., 2009).
[bookmark: _Toc383723937]7.3.3 The effect of repeated blood sampling on the systemic cortisol concentrations in young and aged mice
We previously assessed whether repeated blood sampling by tail incision had any effect on stress hormone cortisol concentrations in young and aged male mice. Low concentrations of cortisol in both young and aged mice indicated that repeated nature of blood sampling by tail incision method was not a stressful procedure (Liu et al., 2012, Gong et al., 2015) and, therefore, should not have interfered with the interpretation of our results of hormone concentration measurements.  The ability to take repeated small volume of blood samples from the same animals at three time points reduced the number of the experimental animals required for our experiment and was thus in keeping with the 3R principle. In addition, since it has been shown warming the mice in a thermostatically controlled warming chamber prior to the blood collection is stressful for mice (Sadler and Bailey, 2013), we did not warm the mice and this aspect of the experimental protocol would have therefore contributed to the low serum cortisol concentrations.  

Consistent with previous studies (Liu et al., 2012, Gong et al., 2015) concentrations of cortisol in young mice remained relatively unchanged from 12:00 in the early afternoon to 15:00 late afternoon. There was no age-related significant increase in cortisol concentrations in our mice despite being previously reported that endogenous serum glucocorticoids were elevated in aged animals and excess was associated with impaired bone formation and enhanced bone resorption (Ding et al., 2010, Weinstein et al., 2010, Almeida and O’Brien, 2013, Komori, 2016). Stress is characterised by activation of the ANS and various neuroendocrine systems including the hypothalamic-pituitary-adrenal axis and results in increased circulating concentrations of glucocorticoids (Barriga et al., 2001, Amaral, 2010). The secretion of glucocorticoids, including corticosterone and cortisol, follows circadian rhythms but is also influenced by behaviour, physiology and metabolism of mice (Harris et al., 1994, Weinert et al., 1994, Barriga et al., 2001). Corticosterone concentrations increase as activity levels of mice increase in the scotophase (dark period) and decrease in the photophase (light period) as the activity levels of mice decrease (Halberg et al., 1959). While mouse serum cortisol and corticosterone dynamics are closely correlated under various physiological and stressful conditions signifying that either can be used as an index for stress activation, cortisol responds quicker during acute stress (Gong et al., 2015) and exhibits higher glucocorticoid potency than corticosterone in mice (Magiakou and Chrousos, 1994).

While glucocorticoids are effective therapeutic agents for management of many inflammatory and autoimmune disorders, adverse effects on bone are well described (Buckley et al., 2017) and glucocorticoid-induced osteoporosis is one of the common forms of secondary osteoporosis in humans (Canalis et al., 2007). Studies on rodents revealed that when the serum concentration of endogenous corticosterone was elevated this exerted negative effects on bone maintenance including BMD, volume and strength in 21-month-old mice (Weinstein et al., 2010), osteoblast apoptosis (O’Brien et al., 2004, Rauch et al., 2010), osteocyte autophagy and apoptosis (Jia et al., 2011, Piemontese et al., 2015) and inhibition of Wnt signalling (Ohnaka et al., 2004, Hurson et al., 2007). However, due to phenotypic inconsistencies observed among the rodent models of glucocorticoid-induced osteoporosis and various cell lines (Komori, 2015), the pathological significance of the underlying mechanisms of glucocorticoid-induced osteoporosis is yet to be elucidated. 











[bookmark: _Toc383723938]7.4 Conclusions
The physiological systems, which regulate bone homeostasis and energy metabolism are intricately linked. In this chapter the circulating concentration of gastro-entero-pancreatic hormones with anabolic effects on bone including ghrelin, leptin, insulin, GIP and GLP1 in response to feeding and fasting were investigated. In addition, this information was used to consider possible roles for these hormones in mediating bone’s adaptive response to mechanical loading/exercise. The physiological regulation of osteogenic hormones by fasting and feeding could be exploited to enhance the effects of exercise in young and aged mice. Although this study strongly suggests anabolic roles of candidate hormones on bone regulated by timing of feeding to potentiate the effects of loading in young but not aged mice, further studies are needed to address the mechanisms underlying these observations and most importantly how these mechanisms change with ageing.  
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General discussion













[bookmark: _Toc383723940]8.1 The effect of timing of food ingestion on bone’s response to mechanical loading  
Osteoporosis affects over 2 million people in the UK, and with ageing of the population, the prevalence of osteoporosis is rising and morbidity and mortality related to fragality fractures are increasing (Kanis, 2002). In the UK, more than 300 000 fractures occur every year causing severe pain, disability, loss of independence and and major health care costs (BOA-BGS, 2007, NOS, 2018). In 2000 in the UK, the direct medical costs of fragility fractures was estimated to be £1.8 billion and this is predicted to increase to £2.2 billion by 2025 (Burge et al., 2001). Age-related bone loss and increased fragality are exacerbated by the reduced intensity and quantity of physical activity in most older people, therefore, there is a need to identify the most effective ways to exercise which produce maximum benefits for the musculoskeletal system.
Studies described in this thesis have aimed to address the general hypothesis that the effects of exercise on bones depend on the circulating concentrations of metabolic hormones and, therefore, the timing of eating. The overall aim of this thesis was to determine the effect of timing of feeding on bone’s adaptive respose to mechanical loading using young adult and aged mouse models. For the first time, we have shown that the adaptive response of cortical bone to osteogenic loading was potentiated in young adult male mice that ingested food for 2 hours following a 16-hour fast prior the mechanical loading.
To develop a robust model for studies, we first assessed the feeding behaviour of overnight (16-hour) fasted young 19-week-old and aged 20-month-old male C57BL/6 mice (Chapters 3 and 6). The results from these studies provided insights into dynamics of the homeostatic feeding response and showed that both young adult and aged male mice exhibited a 2-hour hyperphagic response following fasting. Using this model, in the first study we assessed the effect of overnight (16 hours) fasting on bones’ adaptive response to axial mechanical loading with 13N force and 20 or 40 cycles regimens in young male mice. The number of cycles used was based on the finding by Rubin and Lanyon that increasing the number of loading cycles from 36 to 1800 did not engender additional adaptive response in isolated turkey ulna (Rubin and Lanyon, 1984). The μCT analysis revealed that as few as 20 cycles of non-invasive mechanical loading was sufficient to generate osteogenic response in mouse bones, a finding that had not previously been investigated in other studies. The research showed that 16-hour fasting had no detectable effect on cortical and trabecular bones’ response to 20 or 40 cycles of osteogenic (maximal) mechanical loading in young male mice (Chapter 3).
In the next studies the optimal timing of the feeding (1 hour, 2 hours or 3 hours) following an overnight (16-hour) fast on bone’s response to osteogenic (maximal) loading was assessed in young male mice. This showed that bone’s response to osteogenic mechanical loading with a regimen of 13N force and 40 cycles was potentiated in young 19-week-old male C57BL/6 mice that where fed for 2 hours, but not 1 hour or 3 hours, following a 16-hour fast prior to each loading episode (Chapter 4). Remarkably, high resolution CT analysis of cortical bone at the mid-shaft region of the loaded tibiae revealed that change in cortical bone thickness induced by maximal loading was increased by 67% in mice that were fasted then fed for 2 hours compared with the loaded tibiae of mice fed ad-libitum before loading (Figures 28, 29 and 30D). Moreover, dynamic histomophometry analysis of cortical bone formation parameters on endocortical and periosteal surfaces was consistent with the initial μCT analysis, Figure 31 (Chapter 4). Examination of the distance between fluorochrome labels of calcein injected on the first and last days of mechanical loading confirmed increased cortical bone formation in fasted fed mice during the two-week experimental period. 

To investigate the hypothesis that there is a synergistic effect of metabolic hormones on concurrent mechanical loading, next we determined the effect of 2-hour food ingestion after an overnight fast on bone’s response to sub-threshold and submaximal mechanical loading regimens with 8N and 11N force respectively that mimicked ineffective and low intensity exercise in young 19-week-old male C57BL/6 mice (Chapter 5). Previous studies have demonstrated potentiating effects of anabolic hormones including iPTH on concurrent ineffective mechanical loading in the bones of mice (Sugiyama et al., 2008). Interestingly, food ingestion for 2 hours following prolonged (16-hour) fast turned ineffective loading stimulus with 8N loading regimen, that does not cause bone formation, into an effective one  (Figures 40) and enhanced bone’s adaptive response to mechanical loading. 

The effect of ageing on interactions between energy metabolism and bone’s adaptive response to osteogenic mechanical loading was explored in 20-month-old (aged) C57BL/6 male mice (Chapter 6). The aim of this study was to determine the age-dependent modulating effects of timing of food ingestion on bone’s adaptive response to mechanical loading. In spite of having potentiating effects on bones of young adult mice, food ingestion for 2 hours following an overnight 16-hour fast had no effect on cortical bone’s response to osteogenic mechanical loading with regimen of 10N force in aged male mice compared with that in ad-lib fed mice. The axial loading regimen allowed to apply similar peak strain magnitudes and rates to tibiae of young and aged animals (Meakin et al., 2014). In the future studies, it will be important to explore i) the effect of timing of feeding on osteogenic effects of mechanical loading at multiple sites in the tibiae ii) effects in female to determine whether there is a gender-dependent adaptive response and iii) additional potentiating interventions in aged animals.

Previous studies had established that bone’s adaptive response to loading was impaired in aged animals (Turner et al., 1995, Srinivasan et al., 2003, Lynch et al., 2011). The CT analysis revealed that bone’s response to loading was diminished in fasted 2-hour fed and ad-lib fed aged mice compared with young adult mice, and that age-related changes were evident in both cortical and trabecular bones (Figures 46 and 48). However, it was previously shown that administration of iPTH into the aged C57BL/6 mice induced enhanced vertebral trabecular bone formation response compared to that in young adult mice (Knopp et al., 2005). Consistent with this, despite substantial loss of the trabecular bone in fed and fasted fed aged mice, significant decrease in trabecular pattern factor showed that bone formation can occur in aged animals to an extent in response to an anabolic stimulus (Figure 49C). 

In Chapter 7 we explored the changes in concentrations of candidate metabolic hormones in response to timing of feeding, which could be responsible for potentiating the bone response to loading in fasted fed young mice. Secondly, we investigated the possibility that differential hormonal responses to feeding might explain the impaired response to mechanical loading in aged mice. The regulation of bone homeostasis by the endocrine system involves several mediators that change in response to feeding and fasting. These include five mediators with known anabolic effects on bone; ghrelin, leptin, pancreatic hormone insulin and intestinal peptides GIP and GLP1. Serum concentrations of leptin, insulin, GIP and GLP1 were quantified using a mouse multiplex metabolic assay and concentrations increased significantly after 2-hour feeding following overnight (16-hour) fast in young adult mice (Figures 51, 52, 53 and 54). These alterations in metabolic hormone concentrations with anabolic effects on bone could explain potentiation of cortical bone’s response to maximal osteogenic and sub-threshold mechanical loading regimens in young adult male mice. The alterations in circulating serum concentrations of leptin, insulin, GIP and GLP1 had different profile in fasted 2-hour fed aged mice, which could explain the attenuated response of bone to mechanical loading in aged male mice (Figures 56, 57, 58 and 59). Preprandial ghrelin secretion has a role in meal initiation and participates in the anticipatory processes of food ingestion (Drazen et al., 2006). Ghrelin concentrations fell 2 hours after the food intake in young mice (Figure 50), but remained high in aged animals (Figure 55). Independent of food intake, ghrelin administration in rats was shown to exert anabolic effects on bone increasing BMD (Fukushima et al., 2005) and did not critically affect bone density in ghrelin knockout mice (Sun et al., 2003). The rhythmicity of ghrelin secretion suggested that ghrelin is unlikely to be an acute mediator of bone’s potentiated response to mechanical loading observed in fasted 2-hour fed young male mice. 

Measurement of the serum cortisol concentrations previously at three time points (using solid phase competitive ELISA assay) revealed that repeated blood sampling by the tail incision method over a period of 3 hours was not a stressful procedure in young and aged mice and, therefore, that stress responses to blood collection are unlikely to have interfered with the interpretation of the results (Figure 60). Previous studies have suggested that endogenous serum glucocorticoids were elevated in aged animals and associated with bone loss (Almeida and O’Brien, 2013, Komori, 2016). However, in our studies, cortisol concentrations were lower, or similar, in aged mice compared with young adult mice. Phenotypic inconsistencies have been reported among the rodent models of glucocorticoid-induced osteoporosis (Komori, 2015, Ersek et al., 2016).

Given that, in addition to its structural role, bone is an important nutrient reserve for the body, it is unsurprising that food intake drives circadian variations in bone turnover and, in particular, that biochemical markers of bone resorption decrease with feeding (Wichers et al., 1999). However, the repeated small volume of blood samples that we obtained from the lateral mouse-tail veins did not provide sufficient sera to perform range of biomarker tests of bone turnover. Additionally, the effect of non-invasive axial loading on a single tibia is unlikely to generate detectable changes in circulating concentrations of biomarkers of bone turnover that are a reflection of activity of the entire skeleton (Skerry and Lanyon, 2009, Sugiyama et al., 2010). 
[bookmark: _Toc383723941]8.2 Future directions
Age-related bone loss across multiple sites within the skeleton suggests that systemic regulation plays an essential role in bone homeostasis. The regulators of bone homeostasis have potential to be used as therapeutic anabolic agents for prevention and treatment of osteoporosis and low bone density. This project has provided proof-of-principle that the effects of anabolic hormones in increasing bone formation in response to mechanical loading may be manipulated by changing timing of feeding in relation to exercise imposition. Since dietary composition influences metabolic responses to food ingestion (Gelfand and Hendler, 1989), it is possible that manipulation of the amounts and relative proportions of food macronutrients could be used to stimulate secretion of the patterns of metabolic hormones, which maximise the osteogenic response to mechanical loading. Whilst the basic biological mechanisms responsible for controlling feeding behaviour and energy homeostasis are similar in mice and humans, in the absence of direct experimentation in humans it cannot be assumed that the effects observed in mice in the present study will translate directly to the human skeleton. Future studies will allow to determine whether such potentiating effects are observed in humans and what recommendations can be made to humans with respect to timing, amount and composition of food ingestion to obtain the maximal benefits from exercise.

Combining mechanical loading with injection of hormones including intermittent parathyroid hormone or insulin or drugs, which would increase bone formation in aged mice would be interesting to study in the future (Sugiyama et al., 2008, Sugiyama et al., 2010). For example, administration of the GLP1 analogue exenatide (exendin-4) increases bone formation markers and interacts with the Wnt signalling pathway promoting bone formation in rats (Nuche-Berenguer et al., 2010). Systemic administration of the octapeptide amylin-(1-8) exerted osteogenic effects increasing bone volume and cortical thickness in male mice (Cornish et al., 2000). In addition, whilst therapeutically or experimentally induced increase in plasma insulin concentrations may result in hypoglycemia, low doses of systematically administrated insulin did not elicit hypoglycemia in rodents (Vanderweele et al., 1982). In addition to its direct effects on bone cells, insulin exerts its osteogenic effect through interaction with other anabolic hormones including IGF1 and PTH (Thrailkill et al., 2005). Therefore, it will be interesting to explore further the interactions between different hormones in exerting their anabolic effects on bone cells, since synergism may be an essential feature in potentiating actions of the metabolic hormones on bone homeostasis. 

Given the integrated nature of the musculoskeletal system, it is highly likely that intervention with nutrition and physical activity, which benefit bone, will also benefit muscle and other musculoskeletal tissues. There is evidence that age-related loss of muscle mass (sarcopenia) is linked to subsequent osteoporosis risk (Goldspink, 2012, Paccou et al., 2012). This relationship may be mediated by the cross-talk involving molecules released by the skeletal muscle, which affect bone, and osteokines secreted by the osteoblasts and osteocytes, which affect muscle cells (Reginster et al., 2015). Consequently, future studies of the beneficial effects of combinations of nutrition and exercise in humans should be expanded to include investigation of effects on multiple musculoskeletal tissues since such interventions are likely to have pervasive effects. 

Taken together, clinical, in vivo animal and in vitro studies suggest strong anabolic role of metabolic hormones on bone, and further studies are needed to elucidate the mechanisms underlying the observed potentiating effects of the hormones regulated by timing of feeding. 
[bookmark: _Toc383723942]8.3 Conclusions and implications
The studies discussed in this thesis provide evidence that bone’s adaptive response to loading depends on the timing of feeding. Food ingestion for 2 hours following overnight 16-hour fast potentiates bone’s response to osteogenic mechanical loading in young adult, but not aged mice. Changing timing of feeding turns ineffective mechanical loading that does not normally cause bone formation, into an effective intervention and enhances bone’s response to loading. 

The assessment of metabolic hormone concentrations in fasted and fed states regulated by timing of feeding provides novel insight into the possible mechanisms, which may underlie bone’s potentiated response to loading. It expands our understanding of the synergies between anabolic osteotropic factors influenced by timing of feeding and bone homeostasis, and the effect of ageing on mediators of bone’s adaptive response to loading. 

These findings have implications for skeletal health throughout the life-course. However, the observations made in mice in the present study will need to be confirmed by direct experimentation in humans, especially in elderly adults, before it will be possible to provide evidence-based advice on lifestyle choices in humans for example about when to exercise in relation to meals.  Endocrine mediators of how bone responds to mechanical loading may be potential therapeutic targets for the treatment of osteoporosis. Thus, the findings from this group of studies form a strong platform to expand the studies into humans with potential clinical applications on bone and other musculoskeletal tissues and for the development of effective interventions to enhance the beneficial effects of exercise.
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[bookmark: _Toc383723945]Appendix 1 - Teklad Global 18% Protein rodent diet nutrient data
Standard product form: Pellet 
	Macronutrients
	

	Crude Protein                                               % 
	18.6

	Fat (ether extract)                                        %  
	6.2

	Carbohydrate (available) a                           % 
	44.2

	Crude Fiber                                                  %   
	3.5

	Neutral Detergent Fiber b                             %  
	14.7

	Ash                                                               %
	5.3

	Energy Density c                          kcal/g (kJ/g)
	   3.1 (13.0)

	Calories from Protein                                   %
	24

	Calories from Fat                                         %
	18

	Calories from Carbohydrate                         %               
	58

	Minerals
	

	Calcium                                                        %
	1.0

	Phosphorus                                                  %
	0.7

	Non-Phytale Phosphorus                             %
	0.4

	Sodium                                                         %
	0.2

	Potassium                                                    %
	0.6

	Chloride                                                       %
	0.4

	Magnesium                                                  %
	0.2

	Zinc                                                       mg/kg
	70

	Manganese                                           mg/kg
	100

	Copper                                                  mg/kg
	15

	Iodine                                                    mg/kg
	6

	Iron                                                        mg/kg
	200

	Selenium                                               mg/kg
	0.23

	Amino Acids
	

	Aspartic Acid                                                %
	1.4

	Glutamic Acid                                               %
	3.4

	Alanine                                                         %
	1.1

	Glycine                                                         %
	0.8

	Threonine                                                     %
	0.7

	Proline                                                          %
	1.6

	Serine                                                          %
	1.1

	Leucine                                                        %
	1.8

	Isoleucine                                                     %
	0.8

	Valine                                                           %
	0.9

	Phenylalanine                                              %
	1.0

	Tyrosine                                                       %
	0.6

	Methionine                                                   %
	0.4

	Cystine                                                         %
	0.3

	Lysine                                                          %
	0.9

	Histidine                                                       %
	0.4

	Arginine                                                        %
	1.0

	Tryptophan                                                   %
	0.2

	Fatty Acids
	

	C16:0 Palmitic                                              %
	0.7

	C18:19 Oleic                                             %
	1.2

	C18:26 Linoleic                                         %
	3.1

	Total saturated                                             %
	0.9

	Total Monounsaturated                                %
	1.3

	Total Polyunsaturated                                  %
	3.4

	Vitamins
	

	Vitamin A d                                                IU/g
	15.0

	Vitamin D3 e                                               IU/g
	1.5

	Vitamin E                                                IU/kg
	110

	Vitamin K3 (menadione)                         mg/kg
	50

	Vitamin B1 (thiamin)                               mg/kg
	17

	Vitamin B2 (riboflavin)                            mg/kg
	15

	Niacin (nicotinic acid)                            mg/kg
	70

	Vitamin B6 (pyridoxine)                          mg/kg
	18

	Pantothenic Acid                                   mg/kg
	33

	Vitamin B12 (cyanocobalamin)               mg/kg
	0.08

	Biotin                                                     mg/kg
	0.40

	Folate                                                    mg/kg
	4

	Choline                                                  mg/kg
	1200

	Other
	

	Cholesterol                                            mg/kg
	--


Reproduced from Teklad Diets, Madison, WI, USA, 2018

a Carbohydrate (available) is calculated by subtracting neutral detergent fiber from total carbohydrates
b Neutral detergent fiber is an estimate of insoluble fiber, including cellulose, hemicellulose and lignin. 
c Energy density is a calculated estimate of metabolisable energy based on the Atwater factors assigning 4 kcal/g to proteins, 9 kcal/g to fats and 4 kcal/g to available carbohydrates.
d 1 IU vitamin A = 0.3 g retinol
e 1 IU vitamin D = 25 ng cholecalciferol



Appendix 2 - Mouse/rat cortisol ELISA assay protocol
Components
	Microwells coated with Cortisol MAb
	12 x 8 x 1

	Cortisol standard: 7 vials
	0.5ml

	Enzyme conjugate (20x)
	0.7ml

	Assay diluent
	12ml

	TMB substrate
	12ml

	Stop solution
	12ml

	20x Wash concentrate
	25ml


Reproduced from Sigma-Aldrich Co Ltd, 2014

	Mouse cortisol assay preparation instructions and procedure

	Step
	Procedure
	Temp
	Time
	Done
	Done
	Done

	1
	Thaw Mouse sera and mix well 
	room temp
	1hour
	
	
	

	2
	Prepare 1x Enzyme conjugate:
0.5ml 20x Enzyme conjugate in 
9.5ml assay diluent
	room temp
	5min
	
	
	

	3
	Prepare 1x wash buffer:
25ml 20x wash concentrate in 475ml distilled water
	room temp
	5min
	
	
	

	4
	Place coated strips into the holder
	room temp
	
	
	
	

	5
	Pipette 25μl cortisol standard, 25μl control, 25μl mouse serum to wells
	room temp
	5min
	
	
	

	6
	Add 100μl cortisol enzyme conjugate to all wells
	room temp
	5min
	
	
	

	7
	Incubate with shaking
	room temp
	1hour
	
	
	

	8
	Remove liquid, wash the wells (3x) with 300μl 1x wash buffer 
	room temp
	10min
	
	
	

	9
	Add 100μl TMB substrate to wells
	room temp
	5min
	
	
	

	10
	Incubate
	room temp
	15min
	
	
	

	11
	Add 50μl Stop solution to wells and shake gently to mix the solution
	room temp
	5min
	
	
	

	12
	Read absorbance on ELISA reader within 20min after the Step 11
	
	
	
	
	


[bookmark: _Toc383723946]Appendix 3 - Mouse Bio-Plex Pro multiplex metabolic hormone assay protocol 
Components
	Flat bottom plate
	12 x 8 x 1

	Standard
	1 vial

	Coupled magnetic beads (20x)
	1 tube

	Detection antibodies (20x)
	1 tube

	Standard diluent
	10ml

	Sample diluent
	40ml

	Detection antibody diluent
	5ml

	Assay buffer
	50ml

	Wash buffer
	200ml

	Streptavidin-PE (100x)
	1 tube

	Sealing tape
	1 pack of 4


Reproduced from Bio-Rad Laboratories, Inc. 2017











	Mouse diabetes assay workflow 

	Step
	Procedure
	Temp
	Time
	Done
	Done
	Done

	1
	Thaw Mouse serum samples and keep on ice
	room temp
	1hour
	
	
	

	2
	Prepare Standards: Produce an eight-point standard curve with a 1:4 (fourfold) dilution series of standards with standard diluent
	room temp
	
	
	
	

	3
	Prepare 1x Magnetic beads:
288μl 20x beads in 5472μl assay buffer, protect from light, mix 30sec
	room temp
	
	
	
	

	4
	Add 50μl 1x beads to each well of the assay plate
	room temp
	5min
	
	
	

	5
	Wash the plate (2x) with 100μl wash buffer
	room temp
	5min
	
	
	

	6
	Add 50μl diluted standards, blanks and samples to wells, cover plate with sealing tape and protect from light with aluminium foil
	room temp
	5min
	
	
	

	7
	Incubate with shaking at 850±50rpm
	room temp
	1hour
	
	
	

	8
	Prepare 1x Detection antibodies:
150μl 20x detection antibodies in 2850μl detection antibody diluent
	room temp
	
	
	
	

	9
	Wash the wells (3x) with 100μl wash buffer 
	room temp
	10min
	
	
	

	10
	Add 25μl 1x detection antibodies to wells, cover plate with sealing tape and protect from light with aluminium foil
	room temp
	5min
	
	
	

	11
	Incubate with shaking at 850±50rpm
	room temp
	30min
	
	
	

	12
	Prepare 1x Streptavidin-PE (SA-PE): 60μl 100x SA-PE in 5940μl assay buffer, mix, protect from light
	room temp
	
	
	
	

	13
	Wash the wells (3x) with 100μl wash buffer
	room temp
	10min
	
	
	

	14
	Add 50μl 1x SA-PE to wells, cover plate with sealing tape and protect from light with aluminium foil
	room temp
	5 min
	
	
	

	15
	Incubate with shaking at 850±50rpm
	room temp
	10min
	
	
	

	16
	Wash the wells (3x) with 100μl wash buffer
	room temp
	10min
	
	
	

	17
	Resuspend beads in wells with 125μl assay buffer and cover plate with sealing tape
	room temp
	5min
	
	
	

	18
	Shake the plate at 850±50rpm
	room temp
	30sec
	
	
	

	19
	Read the plate on Bio-Plex system
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