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Abstract 
Osteoporosis is most commonly manifested following menopause when estrogen 

production is deficient and, as a result, bone loss and changes in bone composition 

occur leading to bone fractures. Estrogen inhibits bone resorption due to its direct 

effects on osteoclast differentiation and osteoclast activity, and estrogen deficiency 

studies have shown an increase in RANKL, a bone resorption marker that binds 

with RANK on osteoclast surfaces to stimulate their activity. Estrogen also plays 

an important role in the normal biology of bone cells by regulating their 

biochemical responses to mechanical loading, such as NO and PGE2 release, and 

also by protecting  against cell death by apoptosis in osteocytes and osteoblasts.  

Recent studies have revealed that the effects of estrogen deficiency are not 

restricted to osteoclasts, but that osteoblasts and osteocytes exhibit an impaired 

response to mechanical stimulation; however, these changes are not yet fully 

understood. Although it is known that the osteogenic differentiation of MSCs is 

regulated by Rho-ROCK signalling, governing actin cytoskeletal changes in 

response to mechanical stimulation, whether the Rho-ROCK pathway plays a role 

in the defective bone remodelling cascade during estrogen deficiency has never 

been established. The global objectives of this PhD thesis are to (a) determine how 

early estrogen deficiency during osteoporosis governs mechano-responsiveness in 

osteoblasts and osteocytes and, (b) determine whether ROCK-II inhibition can 

attenuate estrogen deficiency mediated changes in mechano-responsiveness. 

The first study sought to determine alterations in the mechanobiological 

responses of osteoblasts during early estrogen deficiency and investigate whether 

an inhibitor of the Rho-ROCK signalling can revert these changes. The results of 

this study showed that mechanobiological responses (PGE2, RUNX-2 and OPN) 

were significantly altered in estrogen deficient cells when compared to those that 

received continuous estrogen treatment. This study is the first to demonstrate such 

altered mechanobiological responses by osteoblasts during early estrogen 

deficiency. Interestingly, it was seen that these mechanobiological responses were 

suppressed when estrogen deficient cells were treated with the ROCK-II inhibitor, 

and thus pointed to a potential for ROCK-II inhibition for reverting these 

mechanobiological effects. 
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Given the paracrine role of osteocytes in regulating bone remodelling by 

osteoclasts, it is likely that changes in osteocyte mechanobiology play an additive 

role in the bone loss cascade during estrogen deficiency, but this has never been 

investigated. The second study sought to investigate osteocyte-mediated 

osteoclastogenesis during early estrogen deficiency, and the effect of ROCK-II 

inhibition on osteocyte mediated osteoclastogenesis in vitro. A co-culture approach 

was undertaken to study the influence of paracrine cell-cell communication from 

mechanically stimulated MLO-Y4 osteocytes on osteoclasts. The results of this 

study demonstrated that during estrogen deficiency mechanically stimulated 

osteocytes increase RANKL and M-CSF gene expression, when compared to 

estrogen-treated controls. Interestingly these effects were suppressed in MLO-Y4 

cells upon treatment with ROCK inhibitor, Y27632. Hence, it was proposed that 

osteocyte mediated osteoclastogenesis is exacerbated by estrogen deficiency and 

that ROCK-II inhibition has the potential to override these effects through 

downregulation of pro-osteoclastogenic signalling. 

Calcium oscillations (Ca2+) by osteoblasts and osteocytes are amongst the 

very first mechanobiological responses that take place intracellularly. Recently it 

has been demonstrated that Ca2+ oscillations by mechanically stimulated osteocytes 

are altered during estrogen deficiency in vitro. In vivo, osteocytes communicate 

with osteoblasts through gap junctions, and, as such, it is possible that changes in 

Ca2+ oscillations in osteocytes also propagate changes in Ca2+ signalling in 

osteoblasts. However, these changes have not yet been studied. The third study in 

this PhD sought to examine how altered calcium signalling in mechanically 

stimulated osteocytes affects calcium signalling in osteoblasts in their vicinity 

during early estrogen deficiency. A microfluidics system was used to mimic an in 

vitro multi-cellular model that enables to study real-time osteocyte mediated Ca2+ 

signalling in osteocytes and osteoblasts. Using the microfluidics approach, it was 

possible to capture the effects of signal propagation as well as paracrine factors 

from osteocytes onto osteoblasts. The results of this study revealed that osteocytes 

exhibited higher Ca2+ peaks in response to mechanical stimulation during estrogen 

deficiency conditions. Moreover, osteoblasts cultured in their vicinity, which were 

not mechanically stimulated, exhibited attenuated calcium signalling peaks during 

estrogen deficiency.  
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Altogether, these studies provide an advanced understanding of alterations 

in the mechanobiology of osteoblasts and osteocytes during early estrogen 

deficiency. It is also demonstrated that inhibition of ROCK-II has the potential to 

revert these changes in osteocytes and osteoblasts. However, further research 

studies are required to explore the direct therapeutic potential of ROCK-II 

inhibition in targeting osteoclasts during estrogen deficiency. This PhD thesis 

provides a deeper understanding of the affected mechanobiology in osteoporosis at 

cellular level. 
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1 Chapter 1: Introduction 

1.1 Introduction to Osteoporosis and Conventional Therapy 

Osteoporosis is a bone disease that is most commonly manifested in women following 

the menopause when estrogen production is deficient (Albright et al., 1941, Riggs et 

al., 1998, Riggs and Melton Iii, 1995). The Consensus Development Conference 

described osteoporosis as a ‘progressive systemic skeletal disease characterised by low 

bone mass and microarchitectural deterioration of bone tissue, with a consequent 

increase in bone fragility and susceptibility’. The International Osteoporosis 

Foundation estimated that in 2010 approximately 158 million individuals worldwide, 

aged 50 and above, had a high risk of osteoporotic fracture, and this number has been 

predicted to double by 2040 (Cooper and Ferrari, 2019). Since risk of fracture is 

inversely correlated to bone mass, bone mineral density (BMD) is assessed in the 

diagnosis of osteoporosis, following guidelines from the World Health Organisation  

(Kanis et al., 2008).  

Current measures to manage osteoporosis include lifestyle interventions, such 

as exercise, and clinically available medicines, in particular hormone replacement 

therapy and bisphosphonates. Hormone replacement therapy (HRT) involves 

administration of estrogen orally or transdermally, and this approach strives to replace 

the deficient estrogen following the menopause and thereby reduce bone resorption by 

regulating the receptor activator of nuclear factor kappa-B ligand 

(RANKL)/Osteoprotegerin (OPG) ratio and decreasing Macrophage Colony 

Stimulating Factor (M-CSF) (Riggs, 2000, Gennari et al., 2010, Uddin et al., 2018). 

Estrogen HRT is generally combined with other hormones to overcome side effects of 

estrogen, such as abnormal uterine bleeding, pulmonary embolism and breast cancer. 

Thus, it is more commonly used for younger postmenopausal women due to the 

increased risk of side effects in older women (Compston et al., 2017, Uddin et al., 

2018).  
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Bisphosphonates are anti-resorptive therapies that have a high binding affinity 

to minerals in bone, which inhibit the excessive bone resorption associated with 

osteoporosis by inducing osteoclast apoptosis and thereby prevent fracture in 50% of 

patients diagnosed with osteoporosis (Reginster et al., 2000, Russell et al., 2008, Suen 

and Qin, 2016). Recently, anabolic drug interventions have been developed to enhance 

new bone formation (osteogenesis) as a treatment for osteoporosis (Pierre and 

Moustapha, 2011, Cosman et al., 2018, Cosman et al., 2016). In particular, 

administration of Parathyroid Hormone (PTH), a hormone normally secreted by 

parathyroid glands that regulates calcium levels in blood serum, has been shown to 

enhance bone formation by increasing osteoblast number and decreasing sclerostin 

synthesis by osteocytes (Bellido, 2014, Jilka et al., 1999). Based on this, Teriparatide, 

an analog of PTH was developed and FDA approved in 2002, and has been shown to 

promote new bone formation by increasing osteoblastogenesis and osteogenic 

differentiation and decreasing osteoblast apoptosis (Jilka et al., 1999, Yu et al., 2012, 

Canalis et al., 2007). However, this therapy requires subcutaneous injection delivery 

every day, and is associated with an increased risk of osteosarcoma and the need for 

prolonged treatment of 2 years (Watanabe et al., 2012, Vahle et al., 2004).  

Osteocytes are known to express sclerostin, which prevents the activation of 

Wnt signalling pathway resulting in lower osteoblast proliferation and differentiation 

and ultimately decreased bone formation (Lewiecki, 2011, van Bezooijen et al., 2004, 

Iniguez-Ariza and Clarke, 2015, Li et al., 2005, Semenov et al., 2005, Bellido, 2014). 

Romozosumab is a sclerostin inhibitor that has been developed as a treatment for 

osteoporosis, due to its ability to stimulate new bone formation and prevent resorption. 

Clinical trials with subcutaneous injections of Romozumab in post-menopausal 

women, aged 55-90 years of age, showed a positive effect in reducing non-vertebral 

fracture risk by 42% compared to placebo over a treatment of 12 months period 

(Cosman et al., 2016). The effects of increased BMD and decreased fracture risks were 

maintained after 12 months when Denosumab, an anti-resorptive drug that acts on 

osteoclast development, was given for 2 years following the 1 year of treatment with 

Romozumab (Baron et al., 2011, Lewiecki et al., 2019). Thus, since all existing 

therapies for osteoporosis have limitations, if there is no advancement in 

understanding of the underlying mechanisms and treatments for osteoporosis, the 
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projected worldwide economic burden of treatment will reach $132 billion by 2050 

(Kanis and Johnell, 2005, Reginster and Burlet, 2006). 

Although extensive research has been undertaken, failure to efficiently manage 

the disease of osteoporosis is likely because the core mechanisms involved, from the 

onset of the disease, and then ultimately leading to fractures are poorly understood. 

Ovariectomy induced bone loss results from enhanced osteoclastogenesis, through 

increased TNF, RANKL and M-CSF production by T-cells (Roggia et al., 2001, Cenci 

et al., 2000). It is now known that the effects of estrogen deficiency are not only 

restricted to osteoclasts and bone loss, but that bone tissue composition (McNamara 

et al., 2006, Brennan et al., 2012b, Brennan et al., 2011a, Brennan et al., 2011b, 

McCreadie et al., 2006) and the bone cell mechanical environment are fundamentally 

altered  (Verbruggen et al., 2015, Vaughan et al., 2015, Verbruggen et al., 2016). 

Earlier studies had reported increased mineral content, stiffness and yield strength at 

the tissue level when characterising the trabeculae in overiectomised female rates 

(McNamara et al., 2006) whereas long term estrogen deficient ovine models exhibited 

decreased compressive strength of the trabecular bone 31 months after overiectomy 

(Brennan et al., 2012 ).  Cancellous bone in human osteoporotic patients exhibited a 

very heterogeneous mineral distribution in femoral heads owing to the higher bone 

volume and deteriorated architecture at high mineral sites (Parle et al., 2019) . Most 

recently it has been reported that changes in bone mineralization and trabecular 

thickening in ovariectomised rats are secondary responses, which were proposed in 

order to compensate for the severe rapid bone loss within 4 weeks of ovariectomy 

(O'Sullivan et al., 2020).  

1.2 Bone remodelling 

A balance in bone formation and bone resorption is necessary to maintain bone tissue 

homeostasis. Bone remodelling occurs as a self-repair mechanism when the bone 

needs to configure itself and adapt according to the mechanical demand (Frankel, 

2001). Bone Remodelling is a normal process in humans but in special cases, such as 

athletes it has been shown to be dependent on the type of training, its components and 

duration (Maimoun, 2004, Jürimäe, 2006, Bennell, 1997, Maïmoun, 2011).  This 

process is governed by bone cells, known collectively as bone multicellular unit 
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(BMU), which consists of osteoblasts, osteocytes, osteoclasts, bone lining cells and 

Mesenchymal Stem Cells (MSCs). Osteoblasts are the bone forming cells, cuboidal in 

shape, which are derived from osteogenic differentiation of MSCs. Mature osteoblasts 

secrete and mineralize the matrix and form finger like projections from their cell body 

called dendrites (Cowin, 2001, Cowin, 1989). Gradually, these mature osteoblasts 

with dendrites get embedded into the matrix and are called osteocytes, which are the 

main load sensors in bone (Klein-Nulend et al., 1995). Osteoclasts are the bone cells 

responsible for dissolving the bone, which originate from hematopoietic stem cells 

(Hayase, 1997, Wang, 2012) found on the surface close to the dissolving bone. They 

are usually formed from the fusion of mononuclear progenitors of the macrophage 

family (Teitelbaum, 2000). Both osteoblasts and osteocytes have the ability to govern 

osteoclast differentiation and activity when mechanically stimulated  (Tan et al., 2007) 

by modulating the levels of RANKL and OPG, whereby an increase in RANKL 

enhances osteoclast differentiation and an increase in OPG decreases osteoclast 

differentiation (Kim et al., 2006, Matsuo and Irie, 2008, Allison and McNamara, 

2019). Reduced levels of circulating estrogen during postmenopausal osteoporosis are 

directly associated with increases in osteoclast resorption leading to bone loss 

characteristic of osteoporosis and increases the prevalence of fracture (Riggs et al., 

1998, Riggs and Melton Iii, 1995, Manolagas, 2000, Pacifici, 1996). 

1.3 Bone mechanobiology 

Mechanobiology is the study of physical forces acting on a cell body, and the 

biological responses to these forces initiated by mechanotransduction, which 

ultimately result in changes in cellular function, morphology and regeneration (Vogel 

and Sheetz, 2006, Lim et al., 2010). Osteoblasts and osteocytes both have the ability 

to elicit mechanobiological responses, but osteocytes are considered the main load 

sensors in bone, which reside in lacunar-canalicular networks connecting one cell to 

another. Osteocytes are found in abundance in bone and account for 90-95% of all the 

cell types in bone. Everyday activities and exercises exert strain on osteocytes and 

high strains stimulate bone formation by signalling to osteoblasts whereas low strains 

stimulate bone resorption by signalling to osteoclasts (Burr et al., 1996, Fritton et al., 

2000). Disuse of bone promotes osteocyte apoptosis whereas shear stresses acting on 

osteocytes have promoted cell survival (Bakker et al., 2004). Matrix deformations, due 
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to stress or strain acting on bone, cause the interstitial fluid to squeeze through the 

narrow canalicular channels, which applies a shear stress onto the osteocytes, residing 

inside lacunae (Wittkowske et al., 2016, Klein-Nulend et al., 1995), and elicits 

mechanobiological responses such as changes in morphology, biochemical secretions 

or gene expression.  

Intracellular calcium ion, [Ca2+]i oscillations in cells are amongst the very first 

biological responses occurring after a mechanical stimulus is conferred. Calcium ions 

act as a messenger by modulating downstream events and by activating 

mechanotransduction pathways. Foremost, in this process, calcium oscillations 

stimulate cytoskeletal reorganisation and gene expression in osteoblasts (COX-2, cfos, 

OPN) in response to fluid shear stress (Chen et al., 2000, You et al., 2001a). Fluid flow 

induced cytoskeletal reorganisation in osteoblasts is governed by Rho-ROCK 

signalling and is associated to regulate cell mechanosensitivity (Gardinier et al., 2014). 

The small GTPase RhoA and its effector protein Rho-Associated Coiled Kinase 

(ROCK) regulate mechanical stimulation-induced osteogenic differentiation of 

murine mesenchymal stem cells (Arnsdorf et al., 2009). ROCKs are downstream 

proteins that regulate stress fibre formation and contractility (Chrzanowska-

Wodnicka, 1996, Totsukawa, 2000), phagocytosis (Olazabal, 2002), apoptosis 

(Koyanagi, 2008), cell size and organism size (Sordella, 2002, Sordella, 2003), 

differentiation (Arnsdorf et al., 2009), cytokinesis (Kosako, 2000), mitosis (Riento, 

2003a, Riento, 2003b) in various cell types.  

1.4 Experimental models for studies of bone mechanobiology 

Osteocyte mechanotransduction studies are mostly conducted using parallel plate flow 

chambers (PPFC) (Haugh et al., 2015, Vaughan et al., 2013, Verbruggen et al., 2012, 

Verbruggen et al., 2014, Geoghegan et al., 2019a, Deepak et al., 2017, Li et al., 2012), 

which comprises of cells adhered to a glass slide within a defined chamber height, into 

which fluid flow (steady, oscillatory or pulsatile) is applied at a flow rate 

corresponding to the desired shear stress (Frangos et al., 1988, Klein-Nulend et al., 

1995, Frangos et al., 1985). Although widely used, PPFC systems do not allow for the 

separation of cell types whilst maintaining their paracrine signalling. For this reason, 

the majority of research on osteocyte and osteoblast mechanobiology has been 
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conducted using mono-cultures. Studies of cell-cell signalling have relied on 

retrieving conditioned medium from the PPFC to examine the effect of paracrine 

factors onto another cell type, where transient effects of mechanical stimulation may 

be diminished or lost by the time another cell type comes in contact with the factors 

released into the conditioned medium in response to mechanical loading. 

Microfluidics approaches have recently been developed to study more than one cell 

type to allow real-time examination of immediate mechanoresponses across multiple 

bone cell types (Middleton et al., 2017b, Middleton et al., 2017a).  

1.5 Mechanobiology of osteoblasts and osteocytes during estrogen deficiency  

Studies have shown that bone loss at the macro level may be related to degenerated 

mechanobiology during osteoporosis. A seminal study by Sterck et al. exposed human 

bone cells from both osteoporotic and non-osteoporotic groups to pulsating fluid-flow 

induced shear stress. Their results exhibited upregulated levels of PGE2 and NO and 

reduced levels of TGF-β, 1h post-mechanical stimulation in both groups (osteoporotic 

and non-osteoporotic) (Sterck et al., 1998). Intriguingly, only non-osteoporotic groups 

sustained the high release of PGE2, not NO and TGF-β, 24h post-mechanical 

stimulation and osteoblast phenotype was confirmed by verifying the enhanced ALP 

activity and OCN release in both the groups (Sterck et al., 1998). More recently a post-

menopausal in vitro model was developed, which involved accustomising bone cells 

(osteoblasts and osteocytes) to 17β-estradiol to mimic pre-menopausal conditions and 

then afterwards inducing estrogen deficiency by halting the treatment of estradiol or 

by treating with Fulvestrant (Brennan, 2014, Deepak et al., 2017, Geoghegan et al., 

2019a, Allison and McNamara, 2019). Using this approach it was  reported that 

MC3T3-E1, osteoblast-like cells enhanced osteoclast activity and osteoclast 

differentiation by modulating the levels of RANKL and OPG, whereby an increase in 

RANKL enhanced osteoclast differentiation and an increase in OPG decreased 

osteoclast differentiation (Allison and McNamara, 2019). Such studies provide 

evidence to suggest that during osteoporosis mechanobiology of osteoblasts is 

impaired. However, mechanobiological changes in osteoblasts affecting their 

differentiation during estrogen deficiency are not yet fully understood.  
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Drug treatments that target mechanotransduction proteins such as ROCK have 

gained interest as therapeutic targets for cancer and neural diseases targeting the 

affected biochemical signalling (Ogawa, 2007, Wyckoff et al., 2006). Recently, 

cardiovascular diseases (Dong, 2010), ocular diseases (Tanihara, 2008), neural 

diseases (Koyanagi, 2008) and cancer cells (Imamura, 2000, Pinner, 2008, Wyckoff 

et al., 2006) have been targeted by ROCK inhibition. However, ROCK has not been 

targeted in altered mechanobiological responses in osteoblasts for the treatment of 

osteoporosis or fractures. This led to the first hypothesis of this PhD study which 

states that “Impaired mechanobiological responses in early estrogen deficient 

osteoblasts can be suppressed by ROCK-II inhibition”.  

Deepak et al., showed that osteocyte mechanobiology is affected during 

estrogen deficiency using in vitro models wherein MLO-Y4 osteocyte-like cells were 

accustomed to estradiol, to mimic pre-menopausal conditions, and then estrogen 

deficiency was mimicked either by halting the treatment of estradiol or by treating 

with Fulvestrant. Their study reported that MLO-Y4 cells responded to estrogen and 

mechanical loading with enhanced mRNA expression (DMP-1, SOST, ALP, OPN, 

and OCN), NOS activity, NO and PGE2 release, [Ca2+]i oscillations, and actin stress 

fiber formation but these responses to loading were downregulated during estrogen 

deficiency (Deepak et al., 2017). Using a similar in vitro estrogen deficiency model, 

it was reported that focal adhesions and αvβ3 distribution are  altered in osteocytes, 

ultimately increasing bone resorption through increased RANKL/OPG and impaired 

COX-2 responses  (Geoghegan et al., 2019a).  

 Osteocytes, osteoblasts and osteoclasts depend on biochemical signals from 

each other, and these signal exchanges take place both paracrinally and via the 

extensive osteocyte lacunar-canalicular network. Given the paracrine role of 

osteocytes in regulating bone resorption by osteoclasts through regulation of RANKL, 

OPG and M-CSF, it is likely that mechanobiology changes contribute to the bone loss 

cascade, but whether these changes arise and can be circumvented using ROCK 

inhibitors has never been investigated. To understand such questions, advanced in 

vitro models are required to enable the study of interactions between osteocytes, 

osteoblasts and osteoclasts in the same niche under mechanical stimulation. This led 

to the second hypothesis of this PhD thesis which states that “Osteocyte-mediated 
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osteoclastogenesis is altered during estrogen deficiency and altered pro-osteoclast 

gene expressions in osteocytes can be reverted by ROCK-II inhibition”. 

Osteocyte biology is affected by altered calcium signalling and αvβ3 distribution 

as induced by mechanical stimulation when studied using in vitro models of estrogen 

deficiency (Deepak et al., 2017, Geoghegan et al., 2019a). Since osteocytes are the 

main mechanosensors in bones and they have the ability to communicate with 

osteoblasts on the surface through gap junctions (Marotti et al., 1992, Palumbo et al., 

1990, Civitelli, 2008), it is fundamental to study the effect of calcium ion signalling, 

taking place as immediate response to mechanical loading in osteocytes, upon 

osteoblasts in the same vicinity. This led to development of the third hypothesis of 

this PhD thesis which stated that “Osteocyte-mediated calcium signalling in 

osteoblasts is altered during estrogen deficiency”. 

1.6 Objectives  

The global objective of this PhD thesis is to provide an advanced understanding of 

impaired mechanobiology in osteoblasts and osteocytes during early estrogen 

deficiency and to investigate whether ROCK inhibition has the potential to circumvent 

these effects. To address these objectives, several hypotheses and specific objectives 

were defined, as outlined below, to enable significant advances in the understanding of 

bone mechanobiology and the disease of osteoporosis. 

Hypothesis 1: Impaired mechanobiological responses in early estrogen deficient 

osteoblasts can be suppressed by ROCK-II inhibition  

Hypothesis 2: Osteocyte-mediated osteoclastogenesis is altered during estrogen 

deficiency and altered pro-osteoclast gene expressions in osteocytes can be reverted 

by ROCK-II inhibition  

Hypothesis 3: Osteocyte-mediated calcium signalling in osteoblasts is altered during 

estrogen deficiency 
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The first specific objective of the thesis was to determine alterations in the 

mechanobiological responses of osteoblasts during early estrogen deficiency and the 

second objective was to investigate whether an inhibitor of the Rho-ROCK signalling 

can revert these changes in vitro. For this purpose, MC3T3-E1 cells were cultured 

without estradiol, after a period of accustomisation, to mimic the onset of estrogen 

deficiency in postmenopausal osteoporosis. The mechanobiological responses of these 

cells were investigated after treatment with the ROCK-II inhibitor, Y-27632. The third 

objective was to understand how mechanobiological changes in osteocytes during 

early estrogen deficiency affect osteoclastogenesis, and again whether they could be 

reverted by ROCK-II inhibition. For this purpose, a simple in vitro multicellular niche 

that can recapitulate paracrine cell-cell signalling between osteocytes, osteoblasts and 

osteoclasts was developed and applied to study osteoclastogenesis under estrogen 

deficiency and ROCK-II inhibition. The final objective was to investigate the effect 

of calcium oscillations in mechanically stimulated osteocytes on calcium signalling in 

osteoblasts growing in their vicinity. For this purpose, microfluidics approach was 

taken to allow real-time examination of calcium oscillations in MLO-Y4 cells and 

MC3T3-E1 cells, cultured in the same microfluidic device, when only MLO-Y4 were 

mechanically stimulated.  

1.7 Thesis Structure 

This Thesis comprises the work completed for the duration of the candidate’s PhD 

studies. Chapter 2 includes the comprehensive literature review that was carried out 

throughout the duration of this PhD. Chapter 3 outlines the in vitro study of MC3T3-

E1, osteoblast like cells, which were pre-treated with 17β-estradiol and cultured 

further either under continued estrogen treatment or an estrogen deficient condition. 

Next either these cells were treated with the ROCK-II inhibitor (Y-27632) or cultured 

without the inhibitor and were exposed to laminar oscillatory fluid flow using custom 

designed parallel plate flow chambers. Chapter 4 describes the in vitro study where a 

multicellular niche, comprising of osteocytes (MLO-Y4), osteoclasts (RAW264.7) 

and osteoblasts (MC3T3-E1) was developed to study the effects of paracrine 

signalling during ROCK-II inhibition and estrogen deficiency, on osteoclastogenesis. 

Chapter 5 reports a microfluidics approach undertaken, where MLO-Y4 cells were 

mechanically stimulated but MC3T3-E1 cells in the same environment relied on 
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paracrine signalling from stimulated osteocytes, to study calcium signalling in both 

cell types, specifically during estrogen deficiency. Chapter 6 discusses the main 

conclusion from each study considering the study objectives and global hypotheses set 

in the beginning of this PhD Thesis. 
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2 Chapter 2: Literature Review 

2.1 Bone  

Bone is a connective tissue essential for providing support and structure to the body. 

Additionally, it is a mechanosensitive tissue which also functions to protect the 

internal organs, helps in movement and locomotion as well as is the major storage 

site for calcium and phosphorous. A unique property of bone lies in its ability to 

remodel itself, adapting to changes in the mechanical demands placed on it and 

enabling healing. Wolff’s law lays the foundation for the mechanobiology adaptive 

behaviour of bone stating  that external and internal changes in bone are a result of 

the mechanical stresses acting on it (Brand, 2010, Wolff, 2012). Muscular forces, 

gravitational forces, and shear stress due to fluid flow in the local osteocyte 

environment (lacunar-canalicular system) from daily activities, exercise and injury 

are some examples of mechanical forces acting on bone, in response to which bone 

remodelling takes place. An excellent example of bone adaptation to mechanical 

forces is the bone mass reduction in astronauts owing to the microgravity in space. 

This reduction is so extensive that the time taken to gain the lost bone mass on earth 

is longer than the mission duration itself (Vico et al., 2000). In order to study the 

physiopathology of bone diseases and their potential treatments, the bone structure 

and composition that confer the interesting mechanical properties of this tissue must 

first be considered. 

2.1.1 Hierarchical Structure and Composition of Bone 

There are different levels of hierarchy (Figure 2.1) that define the structure of bone 

at the macro, micro and nano level, which makes the bone a heterogeneous and 

anisotropic material. 
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Figure 2.1: Hierarchical structural organisation of bone depicting differences 

between trabecular and cortical bone at the microscale, illustrating (a) mineralized 

parallel lamellae within rod and plate-like trabeculae, (b) concentric layers of 

lamellae surrounding a Haversian canal in cortical bone, and (c) nanoscale 

organisation of collagen fibres and hydroxyapatite crystals (HA) within bone tissue. 

(Gao et al., 2017) 

At the macroscale (Figure 2.1), bone is organised into either cortical bone 

or trabecular (cancellous) bone. Cortical bone forms the outer covering of bones, 

whereas trabecular bone is located inside the epiphysis and the metaphyseal 

regions. Both types of bones are easily distinguishable based on their porosity. 

While cortical bone is approximately 15% porous, trabecular bone is approximately 

70% porous and is remodelled frequently and so is more heterogeneous with a much 

wider range of mechanical properties (Rho, 1998, Wall and Board, 2014). At the 

microscale level the trabecular bone is organised into highly mineralized parallel 

lamellae within rod- and plate-like trabeculae, whereas cortical bone comprise 

concentric layers of lamellae surrounding a Haversian canal.  

Cortical bone is defined by a series of lamellae (1 - 100 µm), which are 

wrapped around the Haversian canal (10 - 500 µm) in concentric layers (Figure 
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2.1). Together, the Haversian canal and lamellae form a cylinder called an osteon, 

parallel along the long axis of bone, (Wegst et al., 2015) which is a fundamental 

element of the cortical bone tissue (Frankel, 2001). A superficial layer of inner and 

outer periosteum covers the bone, which is perforated by blood vessels and nerves 

to connect Haversian and Volkmann canals. Some osteocyte cells are arranged 

around the Haversian canal in concentric lamellae and while some are arranged in 

interstitial lamella or circumferential lamellae. In mature bones, the tissue is highly 

mineralised and organised, and bone cells are arranged along the long axis of the 

lamellae. The endosteum opens into the rod- and plate-like trabecular structures of 

trabecular bone. While mature cortical bone contains well developed Haversian 

canals, mature trabecular bone contains a series of single struts called trabecula and 

these trabeculae do not contain Haversian canals but receive nutrients from the bone 

marrow. Immature bone tissue, such as that in a developing foetus, consists of 

poorly mineralized collagen fibres arranged into disorganised osteons, and such a 

bone is called woven bone. Lamellae are not well organised in immature bone and 

the tissue contains a large amount of randomly organised osteocyte cells per unit, 

when compared to mature bone. Woven bone exists at the alveolar sockets and 

tendon-bone insertions of adults, and also occurs transiently in the fracture callus, 

in areas undergoing remodelling (Ross and Pawlina, 2016) and as a result of 

pathological conditions, such as osteosarcoma and fibrous dysplasia (Safadi et al., 

2009).  

At the nanoscale, each bone tissue lamella comprises an extracellular matrix 

(ECM), which can be classified into organic and inorganic phases intertwined 

together (Gao et al., 2017), see Figure 2.1. The  inorganic phase makes up 60-70% 

of the dry bone weight, whereas the organic phase represents 35-45%, and water 

comprises 5% by weight (Frankel, 2001). The organic phase is composed of 

tropocollagen molecules secreted by bone forming osteoblasts and is intertwined 

with the inorganic phase composed of hydroxyapatite (HA) bone mineral crystals 

(Currey, 2012). Type I collagen is the most abundant protein found in bone tissue, 

which regulates mineralization, in terms of the crystal size and three-dimensional 

distribution of apatite crystals (Farbod et al., 2013). Non-collagenous proteins such 

as Bone Sialoprotein (BSP), Osteonectin (ON), Osteocalcin (OCN), Osteopontin 
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(OPN) and Fibronectin (FN) account for 10% of the organic constituents. BSP 

proteins and ON have a high affinity for calcium ions and modulate HA binding. 

OCN is synthesized by osteoblasts and inhibits bone formation. OPN regulates 

osteoclast activity and inhibits mineral growth and FN is crucial during 

osteogenesis and plays an important role in cellular-extracellular matrix interactions 

(Farbod et al., 2013, Safadi et al., 2009). The inorganic phase is rich in salts of 

calcium and phosphate but also contains carbonate, fluoride, magnesium and citrate 

(Currey, 1984, Fratzl et al., 2004). HA crystals are initially deposited as amorphous 

calcium phosphate, but through a series of transformations become crystalline, 

requiring active phosphatases and proteases (Safadi et al., 2009), and the crystals 

grow parallel to collagen fibres (Sela et al., 1987), Figure 2.1.  

2.1.2 Anatomy of Bone  

The anatomy of bone is classified into five different types: long bones, short bones, 

flat bones, irregular bones and sesamoid bones. The structure of a typical long bone 

consists of a central long shaft, called the diaphysis, enlarged irregular ends called 

the epiphyses, and the metaphysis represents the region between the diaphysis and 

epiphysis. The surface of the epiphysis is covered by articular cartilage, which is 

rich in ECM composed of type II collagen and is produced by chondrocytes. The 

periosteum covers the outer surface of the rest of the bone and is a tough fibrous 

layer with an inner layer of osteogenic cells. The inner endosteum lining contains 

bone cells and blood vessels (Clarke, 2008). The medullary cavity and the pores of 

trabecular bone contain marrow, which is rich in hematopoietic cells and 

mesenchymal stem cells (MSCs) and contains adipocytes, macrophages and T cells. 

2.1.3 Development of Bone 

Endochondral Ossification (Figure 2.2) is the process that defines the formation of 

most bones (long, short bones). In the early embryo, mesenchymal stem cells 

(MSCs) aggregate and differentiate into chondroblast cells to form perichondrium 

(bone collar) along the diaphysis of the cartilage model, leading to calcification of 

the cartilage matrix and forming primary ossification centre (Mackie et al., 2008, 

Ross and Pawlina, 2016). The perichondrium is penetrated by the blood vessels to 
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supply nutrients and induces osteogenic differentiation of mesenchymal stem cells 

(Collin‐Osdoby, 1994, Gerber and Ferrara, 2000, Sumpio et al., 2002). 

Hypertrophic chondrocytes make space along the diaphysis shaft for blood vessels, 

lymphatic vessels, nerves, osteoblasts and osteoclasts, and calcified cartilage forms 

bone spicules at the two ends of this cavity called marrow cavity. The primary 

ossification centre enlarges where trabecular bone continues to be formed and the 

long bone continues to be elongated along the epiphyseal plate. Osteoclasts are 

recruited and begin to resorb the trabecular bone forming medullary cavity. The 

ends of the marrow cavity form the metaphysis and while the periosteum continues 

to grow along the shaft, blood vessels and peri-vascular cells penetrate the 

epiphyseal cartilage forming a secondary ossification center (Ross and Pawlina, 

2016). In foetal and postnatal endochondral ossification, some chondrocytes are 

differentiated into osteogenic cells (Yang et al., 2014). Chondrocytes along the 

distal end cause bone elongation due to deposition of cartilage. The epiphysis 

remains cartilaginous and after birth becomes one or two secondary ossification 

centres.  

 

 



                                                                                                  Chapter 2 

 

 

16 

 

 

Figure 2.2: Endochondral ossification of long bones  (Mescher, 2013). (1) 

Perichondrium layer and foetal Hyaline cartilage develop in the beginning, (2) 

Cartilage begins to calcify and a periosteal bone collar forms around the diaphysis, 

(3) the primary ossification center develops where the periosteum perforated blood 

vessels supply the nutrients, (4) Secondary ossification centers form in epiphyses 

and medullary cavity begins to form in the diaphysis, (5) Bone replaces cartilage 

except at the epiphyseal plates, (6) Epiphyseal plates ossify to form the epiphyseal 

lines and medullary cavity is formed which is rich in blood vessels and is filled with 

bone marrow which also fills the spongy bone at epiphyseal sites. 

Intramembranous ossification (Figure 2.3) is responsible for the formation of flat 

bones, such as the cranial and clavicle bones. Osteogenic differentiation of 

mesenchymal stem cells produces osteoblasts, which aggregate together to form the 

ossification centre and secrete unmineralized extracellular matrix (osteoid). 

Osteoblasts embed into the secreted osteoid and these entrapped cells develop 

dendrite-like structures and differentiate to become cells known as osteocytes. 

Mesenchymal stem cells continuously differentiate and aggregate to form the outer 

surface layer of bone called the periosteum. Lamellae gets deposited in series of 
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layers while the trabecular spaces get filled with aspirate bone marrow and this 

mineralized tissue is rich in embedded osteocytes as well as surface osteoblasts, 

involved in bone remodelling when required due to everyday activities (Cowin et 

al., 1995, Kanczler et al., 2008). 

 

Figure 2.3: Intramembranous ossification of short bones (Betts et al., 2013). (A) 

Osteoblast cells aggregate together to form an ossification center. (B) Osteoblasts 

produce new bone matrix into which some osteoblasts embed and are called 

osteocytes, while other osteoblasts form an outer boundary around the new bone 

matrix. (C) The outer layer of periosteum is formed by mesenchyme cells and 

periosteum is perforated by blood vessels to penetrate the spaces between 

trabeculae. (D) Trabecular (spongy) bone cavities are filled with red marrow which 

supply nutrients to the newly formed bone.  

2.2 Bone cells  

2.2.1  Mesenchymal Stem Cells 

Mesenchymal Stem Cells (MSCs) are derived from the bone marrow and have the 

capacity to self-renew. These cells are multipotent as they can differentiate into 
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mesodermal lineage to produce osteoblasts (bone forming cells), adipocytes (fat 

cells), chondrocytes (cartilage forming cells) and myoblasts (muscle forming cells) 

(Rickard et al., 1996, Gimble, 1990, Ferrari et al., 1998). Osteogenic differentiation 

of MSCs is characterized by the expression of RUNX-2, Dlx5 and BMPs. While 

RUNX-2 is elevated during osteogenic differentiation and maturation, Dlx5 is 

crucial for normal bone development, and osteogenic differentiation heavily relies 

on BMPs which are bone morphogenic proteins (Hong et al., 2005, Prall et al., 2013, 

Chen et al., 2004). 

2.2.2 Osteoblasts 

Osteoblasts are specialised bone forming cells found on the surface of the new bone 

exhibiting cuboidal morphology. These cells comprise a large Golgi apparatus, a 

rough endoplasmic reticulum, a central nucleus, and a well-developed cytoskeleton 

comprising of actin filaments and microtubules (Pavalko et al., 1998, Wang, 2012). 

Osteoblasts attach with the surrounding matrix through focal adhesions, which are 

large protein complexes containing transmembrane integrins that bind the 

cytoskeleton in cytoplasm with extracellular environment. Osteogenic progenitors 

originate from the osteogenic differentiation of MSCs (Wang, 2012, Bruedigam, 

2010) found at the periosteum and in bone marrow. The fate of mature osteoblasts 

can lead to any of the three consequences: differentiation into osteocytes, bone 

lining cells or undergo apoptosis. Bone lining cells are quiescent osteoblasts found 

on the surface of trabecular bone and underneath the periosteum, which allow the 

exchange of calcium and phosphate and facilitate the attraction of osteoblasts and 

osteoclasts during bone remodelling (Miller et al., 1989, Miller and Jee, 1987, 

Miller et al., 1980). 

Osteoblasts originate from osteogenic differentiation of MSCs. Figure 2.4 

depicts the different stages of differentiation along the osteogenic lineage. Bone 

morphogenic protein 2 (BMP2) stimulates the production of RUNX-2, the main 

transcription marker identifying MSCs differentiation into osteoprogenitor cells. 

Also, BMP2 is able to  induce the expression of bone specific alkaline phosphatase 

(b-ALP) at an early stage of osteogenic differentiation. These immature osteoblasts 

are identified by production of Collagen 1 (COLL1) and Osteopontin (OPN) and 
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later secrete receptor activator of nuclear factor-kappa-B ligand (RANKL), which 

binds with receptor activator of nuclear factor-kappa-B (RANK) on the pre-

osteoclast surface to stimulate osteoclast differentiation (Table 2.1).  Through the 

later stages of differentiation, osteoblasts express asialoprotein (ASP), bone 

sialoprotein (BSP), and osteocalcin (OCN). Mature osteoblasts secrete osteoid 

(bone matrix) and HA for regulating bone formation throughout life. Mature 

osteoblasts can be differentiated into osteocytes, which secrete sclerostin, a product 

of SOST gene that can inhibit osteoblast differentiation by targeting BMP2. This 

production of sclerostin from osteocytes can be suppressed by the Parathyroid 

hormone (PTH)  (Wang, 2012). 

 

Figure 2.4: Different stages of osteogenic differentiation of MSCs along the 

osteogenic lineage (Wang, 2012). MSCs differentiation into osteoprogenitor cells 

is stimulated by BMP2 and RUNX-2. Immature osteoblasts secrete RANKL, which 

regulates osteoclast differentiation. Mature osteoblasts become embedded into the 

matrix and become osteocytes, whereas others may undergo apoptosis. ALP, COL1, 

OPN, ASP and BSP are all markers of osteogenic differentiation.  
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Table 2.1: Genes and Proteins implicated in differentiation and functionality of 

bone cells 

Abbrev. Name Description 

ALP Alkaline Phosphatase 

An osteogenic marker for differentiation, mineralization 

and enzymatic activity 

BMP2 

Bone Morphogenetic 

Protein 2 

An osteogenic differentiation and bone formation 

marker 

BSP Bone Sialoprotein 

A bone turnover marker associated with bone 

formation and mineralization 

COLL 1 Collagen 1 

A bone matrix formation, osteocyte lacunae formation 

and osteocyte differentiation marker 

COX-2 Cyclooxygenase-2 

A mechano-responsive, prostaglandin level, bone 

formation and wear-mediated bone resorption marker 

CTSK Cathepsin K 

An osoteoclast gene associated with osteoclast 

activation and collagen degradation  

DMP 1 

Dentin Matrix Acidic 

Phosphoprotein 1 

An osteocyte maturation and bone mineralization 

marker 

FN Fibronectin 

An osteogenic differentiation and substrate adhesion 

marker 

M-CSF 

Macrophage Colony-

Stimulating Factor 

An osteoclast differentiation, survival and migration 

marker 

MMP 

Matrix 

Metalloproteinase-1 

Formation of osteocyte processes, associated with bone 

remodelling and repair 

NFATC1 

Nuclear Factor of 

Activated T Cells 1 

A marker of osteoclast differentiation and activity  

NO Nitic Oxide 

An inflammatory, mechanical and hormonal response 

marker  

ON Osteonectin 

An osteoblast differentiation, osteoblast activity and 

young osteocyte marker 

OPG Osteoprotegerin 

A bone remodelling marker associated with increased 

bone formation 

OPN Osteopontin 

A marker of osteogenic differentiation and 

mechanoresponse 

PGE2 Prostaglandin E2 

A prostaglandin associated with response to 

inflammation, injury or mechanical stimulation 



                                                                                                  Chapter 2 

 

 

21 

 

PTH Parathyroid Hormone 

A hormone secreted by parathyroid glands, associated 

with bone formation through increased osteoblast 

differentiation 

RANKL 

Receptor Activator of 

Nuclear Factor Kappa-

Β Ligand 

A marker of osteoclast differentiation and activity 

ROCK 

Rho-Associated Coiled 

Kinase 

A  downstream protein which enhances osteogenic 

differentiation but negatively regulates osteoclast 

differentiation 

RUNX-2 

Runt-related 

Transcription Factor-2 

A marker of osteogenic differentiation and response to 

mechanical stimulation  

TGF-β 

Transforming Growth 

Factor-β 

A cytokine that regulates bone remodelling by 

mediating osteoblast and osteoclast differentiation 

TNF Tumor Necrosis Factor 

A cytokine that enhances osteoclastogenesis but 

inhibits osteoblast activity 

TRAP 

Tartrate-Resistant Acid 

Phosphatase 

A marker for osteoclast differentiation and bone 

resorption activity 

 

2.2.3 Osteocytes 

Osteocytes are derived from osteoblasts, which have synthesised ECM and later 

become embedded in this matrix (Figure 2.5). When enough osteoid is laid down 

by the osteoblasts, the process of differentiation of osteoblasts into osteocytes 

initiates, which involves changes  in morphology from cubical to stellate (Franz‐

Odendaal et al., 2006). This conversion is also accompanied by significant changes 

in cytoskeleton reorganisation, particularly changes in focal adhesions and actin 

filaments, which ultimately leads to altered mechanical properties (Sugawara et al., 

2008, Kamioka et al., 2004). The closer the osteoblast is to becoming an osteocyte, 

the slower it is in matrix production. When this matrix is mineralized, embedded 

osteocytes express lower levels of OCN, BSP, COL1, ALP, IGF, integrins and 

peroistins (Burridge and Chrzanowska-Wodnicka, 1996, Franz‐Odendaal et al., 

2006) than osteoblasts (Table 2.1). Osteocytes are identified by specific gene 

expression (E11, PDPN, GP38, CD44, PLS3) and secrete high levels of sclerostin 

(Bellido et al., 2019).  



                                                                                                  Chapter 2 

 

 

22 

 

Mature osteocytes are found in abundance, representing more than 90% of 

bone cells. Osteocytes reside in lacunae and exhibit dendritic finger like projections 

that extend into channels known as canaliculi, forming the lacunar-canalicular 

network through which osteocytes connect with each other and other cells at the 

bone surface. The dendritic processes on osteocytes is a unique characteristic 

amongst bone cells but is somewhat like neurons. The response of osteocytes to 

mechanical loading depends on the size of the lacunae in which they reside, 

whereby cells residing in smaller lacunae of aging bones are less responsive than 

the osteocytes residing in larger lacunae like those in fibulae of lactating mice 

(Hemmatian et al., 2017, Hemmatian et al., 2018b, Hemmatian et al., 2018a) .   

Osteocytes regulate osteoblast and osteoclast functionality relative to their 

sensitivity to mechanical stimulation, as well as hormonal changes. Gap junctions 

within the canaliculi allow communication across neighbouring cells and with cells 

residing at the periosteal and endosteal surfaces of bone (Bellido et al., 2019).When 

stimulated with higher levels of PTH or mechanical stimulation, osteocytes 

downregulate the production of sclerostin (Bellido, 2014, Bellido et al., 2019) and 

enhance Wnt signalling, whereas higher levels of sclerostin inactivate Wnt 

signalling. Enhanced osteoblast formation is the product of active Wnt signalling, 

which ultimately leads to increased bone formation. Indeed, mice models 

expressing enhanced levels of the SOST gene suppressed Wnt signalling and load-

induced bone formation (Tu et al., 2012).  

Osteocytes regulate osteoclast activity and differentiation, as they signal to 

osteoclasts regarding the bone resorption location (Mori, 2003, Kamkin, 2005, 

Voisin and McNamara, 2015, Nakagawa, 2005, Ishizaki, 2000). Osteocyte-like 

cells, MLO-Y4, promote osteoclast formation by increasing levels of RANKL and 

M-CSF (Zhao et al., 2002, Xiong et al., 2011). In vitro, osteocytes have shown to 

regulate osteoclastogenesis, whereas mechanically stimulated osteocytes suppress 

this effect through a RANKL/OPG regulated mechanism (You et al., 2008, Lau et 

al., 2010). Lacunar canalicular remodelling and apoptotic osteocytes enhance bone 

resorption through increased RANKL secretions, ultimately enhancing 

osteoclastogenesis. Osteocytes inhibit osteoclast differentiation by suppressing 
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osteoclast differentiation, through enhanced levels of OPG which activates 

Wnt/βcatenin pathway (Bellido, 2014).  

Several studies have shown that lack of mechanical loading enhances 

apoptosis in osteocytes. In healthy tissue, microcracks are healed through a 

mechanism involving osteocyte apoptosis, whereby osteocytes neighbouring to 

those undergoing apoptosis stimulate the formation of osteoclasts by signalling the 

osteoblasts to regulate RANKL and OPG  secretions (Yazid, 2010, Cardoso et al., 

2009, Kennedy et al., 2012, Kennedy et al., 2014, Kennedy et al., 2017). In vivo 

inhibition of osteocyte apoptosis suppressed osteoclast activity in mechanically 

fatigued and non-fatigued bones (Aguirre et al., 2006, Cardoso et al., 2009). In 

addition, TNF-α induced apoptosis in chicken osteocytes was reported to be 

suppressed up to 25% by the application of pulsating fluid flow (Tan et al., 2006). 

Other studies have reported that oscillatory fluid flow (1 Pa, 1 Hz) on MLO-Y4 

cells prevents apoptosis, whereas enhanced osteocyte apoptosis aids osteoclast 

recruitment and osteoclast adhesion through IL-6 and ICAM-1 (Cheung et al., 2011, 

Cheung et al., 2012). Apoptotic osteocytes in mechanically loaded bone have the 

ability to stimulate RANKL expression by neighbouring osteocytes (Cheung et al., 

2016). Mechanical disuse leads to the apoptosis of osteocytes (Aguirre et al., 2006, 

Weinstein, 1998, Almeida, 2007) and thus can be seen to have similar detrimental 

effects on bone as osteoporosis, ageing, bone fragility syndromes and excessive 

glucocorticoid therapy. Altogether, it is known that apoptosis in osteocytes favours 

bone loss through enhanced bone resorption. The phosphorylated phosphatidyl-

inositol-3 kinase (PI3K) signalling pathway, ERK and Connexin 43 (Cx43 hemi-

channels) are activated by sex steroids and bisphosphonates to ensure osteocyte 

survival (Boyce et al., 2002, Kousteni, 2001, Kousteni, 2003, Plotkin, 1999, 

Plotkin, 2002, Plotkin, 2001, Bellido and Plotkin, 2011). 
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Figure 2.5: Optical microscopy images of osteoblasts and osteocytes (Bellido et 

al., 2019). (A) Red arrows showing osteoblasts above the osteoid layer, (B) Red 

arrows showing osteocytes embedded in the osteoid layer, (C) Black arrows 

showing Golgi apparatus and nucleus of the osteoblast and red arrows showing 

osteocytes embedded in different layers of the bone, (D) White arrows showing the 

osteoid and red arrow showing osteoblast. Scale bars represent 40 µm. 

2.2.4 Osteoclasts 

Osteoclasts are the cells responsible for dissolving bone, which originate from 

hematopoietic stem cells found in bone marrow and are formed from the fusion of 

mononuclear progenitors of the macrophages to form a multinucleated large cell 

(Hayase, 1997, Wang, 2012, Teitelbaum, 2000). M-CSF and RANKL (Table 2.1) 

are two important factors for differentiation and maturation of osteoclasts. 

Inflammatory signals, TNF-α, IL-1 and PU.1, act as transcription signals to 

stimulate differentiation of hematopoietic cells, which are then further 

differentiated into mature osteoclasts (Figure 2.6) in the presence of vitamin D3, 

DAP12, M-CSF and RANKL, whereby RANKL secreted by osteogenic cells bind 

to the RANK  on osteoclast surface (Wang, 2012). Several interleukins (IL-6 and 

IL-8) and cytokines (TNF-α) can regulate osteoclastogenesis and bone erosion, 
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independent of the RANK-RANKL pathway (Bendre et al., 2005, O'Brien et al., 

2016). These series of events lead to multinucleated TRAP+ and CTR+ active 

osteoclasts responsible for bone resorption at the site of remodelling.  

 

Figure 2.6: Osteoclast differentiation initiates from hematopoietic cells. Figure is 

adapted from (Wang, 2012). M-CSF and RANKL are pro-osteoclast factors that 

promote activation and differentiation of osteoclasts. RANKL is a ligand that binds 

with RANK on the osteoclast surface. Active osteoclasts are characterized as being 

multinucleated TRAP+ cells that exhibit an ability to resorb bone. 

Osteoclasts carry numerous mitochondria and acidic vacuoles but smaller 

rough endoplasmic reticulum and less developed Golgi apparatus (Stenbeck, 2002). 

Calcium changes, cytokines and matrix metalloproteinases (MMP) trigger the 

recruitment of mature osteoclasts to the potential bone resorption area of the bone. 

The active osteoclasts create an acidic environment using H+- ATPase enzyme 

(present in the ruffled membrane of osteoclasts) at the site of bone resorption (Blair 

et al., 1989) where the transportation of H+ is balanced by Cl- through the ATP 

dependent proton pump and chloride channels, respectively (Figure 2.7). The active 

osteoclasts undergo cytoskeleton and membrane rearrangement and present three 

main features: the ruffled border, the sealing (clear) zone and the basolateral region 

(Figure 2.7). The ruffled border is rich in actin rings and allows for the movement 

of transport vesicles through the osteoclast membrane, regulated by the H+-ATPase 

pump. The osteoclasts  attach to the bone resorption site creating a sealing zone, by 
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means of integrins (αvβ3, αvβ1) and cytoskeleton proteins (such as Vinculin and 

Talin), which enclaves the area of the mineralized bone to be dissolved, called the 

resorption Howship lacunae (Bellido et al., 2019, Ross and Pawlina, 2016). The 

basolateral region serves for the exocytosis of resorbed material, which is taken in 

by the osteoclast in vesicular form  and degraded in lysosomes or released into the 

resorptive lacunae (Ross and Pawlina, 2016). Detachment of the osteoclast from the 

bone surface results in osteoclast apoptosis, which is usually triggered by enhanced 

extracellular calcium concentration during bone demineralization as a result of low 

pH environment (Lorget et al., 2000, Bellido et al., 2019). Several osteoporotic 

drugs, such as Bisphosphonates and estrogen, target the osteoclastic apoptosis to 

control the rate of bone resorption. 

 

Figure 2.7: Resorption activity by an active osteoclast (Ross and Pawlina, 2016). 

A mature osteoclast binds with potential resorption sites using integrins (αvβ3 ) 

and osteoclast cytoskeletal proteins, such as vinculin and Talin. This area of 

attachment is called clear or sealing zone. A cavity called Howship lacunae is 

formed at the bone surface where the osteoclast develops a ruffled border from 

which it exports protons and chloride ions that cause acidic conditions for bone 
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resorption. Osteoclasts export the degraded bone material and any debris using 

vesicular exocytosis. 

2.3 Bone Remodelling 

A typical bone multicellular unit consists of osteoblasts, osteocytes, osteoclasts and 

bone lining cells (Figure 2.8). Osteogenic differentiation of mesenchymal stem cells 

produces bone lining cells, osteoblasts and eventually osteocytes, whereas 

osteoclasts are derived from hematopoietic stem cells. Bone remodelling is a self-

repair mechanism that also enables bone to configure itself and adapt according to 

the mechanical demand (Frankel, 2001). Remodelling is a normal process in 

humans but in special cases, such as athletes, it is dependent of the type of physical 

activity and duration (Maimoun, 2004, Jürimäe, 2006, Bennell, 1997, Maïmoun, 

2011). Bone remodelling includes bone resorption and formation. The mechanism 

and the rate at which events of bone remodelling occur differ in healthy and 

diseased or aged bones. Diseased bone remodelling is a fundamental characteristic 

of several diseases such as Osteoporosis, Osteopetrosis, Renal Osteodystrophy, 

Paget’s disease of bone and Rickets (Feng and McDonald, 2011).   

 

Figure 2.8: A basic multicellular unit (BMU) of bone (Basso, 2015). 

2.3.1 Stages of Bone Remodelling 

There are five main stages involved in the process of bone remodelling, namely: 

Activation, Resorption, Reversal, Formation and Termination (Figure 2.9). During 

the initial step of activation, triggers such as hormonal changes or mechanical 
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loading stimulate the osteogenic lining cells to secrete factors, such as RANKL and 

M-CSF, which signal osteoclast recruitment to this area to undergo potential 

resorption. Osteoclast precursors react to these factors and differentiate into mature 

osteoclasts where they initiate bone resorption and thereby enter the stage of 

resorption (Kohli et al., 2018). When the bone is targeted by osteoclast cells, it leads 

to formation of the isolated extracellular microenvironment between the bone 

surface and osteoclast, which leads to Hydrochloric Acid (HCl) secretion onto the 

surface of bone, decreasing the pH and degrading it. The acidic conditions created 

by H+ ATPase, which happens through a series of events, fundamentally leads to 

bone degradation (Teitelbaum, 2000, Ross and Pawlina, 2016, Bellido et al., 2019, 

Kohli et al., 2018). Resorption by osteoclasts is followed by formation of the rough 

surface at the site of resorption. At this stage, the lacuna still contains the residue 

of some organic matrix from resorption. An osteopontin rich layer (cement line) is 

formed, which degrades the residue of organic matrix by binding to collagen fibrils 

(Mulari, 2004). In the reversal phase, macrophages are recruited to the remodelling 

site where they clear the area undergoing remodelling from any resorptive material 

debris and make a path for osteoblast cells to initiate bone formation. Osteogenesis 

of MSCs is followed by osteoblast recruitment to the remodelling site whereby the 

formation stage begins, and osteoblasts begin to fill the lacuna with new organic 

matrix, which is later mineralized. Osteoblast-like cells also favour bone 

remodelling by completing the degradation of residual organic matrix in vitro and 

form new mineralized bone (Mulari, 2004). The cement layer, rich in OPN to 

control osteoclast resorption, differentiates old bone from new bone and has been 

considered to act as an interface between the old and new bone (Mckee, 1996, 

Mulari, 2004, Ishijima et al., 2001, Ishijima, 2002, Rittling, 1998). At the 

termination stage, in remodelling equilibrium the same amount of new bone is 

formed as is lost during resorption. 
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Figure 2.9: The Process of Bone Remodelling (Kohli et al., 2018). Biochemical 

stimuli or injury-induced microdamage recruit preosteoclast mononuclear cells to 

degrade bone. Macrophages finish resorption and recruit preosteoblasts for new 

bone formation where they secret soft matrix called osteoid and further mineralize 

it. The new bone area is sealed with lining cells on the surface.  

2.4 Bone Mechanobiology  

Mechanobiology is the study of how cells adapt to the physical environment as a 

response to the mechanical stimuli. In vivo bone is a dynamic adaptive organ that 

undergoes remodelling to adapt to the mechanical demands of the body. Julius 

Wolff, a German anatomist and surgeon, long stated that external and internal 

changes in bone are a result of changes in the shape of bone or stresses acting on it 

(Brand, 2010, Wolff, 2012). In simple terms, bone cells identify the mechanical 

forces acting and adapt to the newer loads applied, ultimately increasing or 

decreasing bone mass which is again altered upon loading or unloading (Robling et 

al., 2019). An excellent example of how bone adapts to the mechanical forces acting 

upon it, is the reduction in bone mineral density of cortical tibia in astronauts, due 

to microgravity in space to such an extent that time to gain the lost bone on earth is 
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longer than the mission duration itself (Vico et al., 2000). When mechanical loading 

acts on bone, due to everyday or unusual activities, the load is transmitted (Figure 

2.10) from the organ level of bone to the tissue level where the ECM can experience 

mechanical stimulation and transmit it to cause cellular deformations or fluid flow 

induced shear stress within the lacunar-canalicular network, ultimately triggering 

biochemical signalling within the bone multicellular niche. 

 

Figure 2.10: Transmission of mechanical loading from bone level to cellular level 

(Fritton and Weinbaum, 2009, Rubin et al., 1990).  When mechanical loading acts 

on bone, due to everyday or unusual activities, the load is transmitted from the 

organ level to the tissue level to cause cellular responses which ultimately trigger 

biochemical signalling regulating bone remodelling. 

In vitro the responses of cells towards different types of stimulus have 

helped the scientists understand the mechanobiological behaviour of cells, tissues 

and organs. Furthermore, such studies have  facilitated the investigations of 

pathological conditions, thus contributing to research associated with disease 

management, treatment and cure. This stimulation can arise from substrate stiffness, 
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fluid flow applied shear stress, tension acting on the layer of cells, cell-cell 

contraction, or pressure. In vitro studies commonly use fluid flow induced shear 

stress to study mechanotransduction in osteocytes.  

Bone mechanobiology is the study of how external forces on bone are 

transduced into biochemical signals to bone cells where they elicit biological 

responses, ultimately affecting bone adaptation and regeneration (Verbruggen and 

McNamara, 2018). A study conducted in 1970’s by Piekarski et al., showed that 

cyclic loading of long bones causes fluid flow in the canaliculi and that this fluid 

movement may be the dominant mode of transporting solutes between blood supply 

and osteocytes (Piekarski, 1977). About two decades later another study showed 

that osteocytes have the ability to sense very small in vivo  strains applied to the 

calcified matrix and small shear stresses acting on the osteocyte processes, and 

predicted that these stresses were enough to induce [Ca2+]i changes, as seen in 

osteoblasts (Weinbaum et al., 1994). This was validated by Klein-Nulend et al., 

using an in vitro model, where they applied intermittent hydrostatic pressure and 

fluid flow to osteocytes and osteoblasts and showed that osteocytes are more 

responsive to fluid flow. They also showed that fluid flow-induced osteogenic 

factors, such as prostaglandin E2, was triggered by the fluid flow induced shear 

stress as  in the lacuna-canalicular system (Klein-Nulend et al., 1995).  

Transverse elements exist periodically in the osteocyte processes 

connecting the canalicular wall to the rich actin filaments in the osteocyte processes 

(You et al., 2004, Verbruggen and McNamara, 2018). These transverse elements 

experience a drag force caused by the fluid flow in the canaliculi. In vivo, when 

mechanical loading acts on bone, tension on one side and compression on the other 

side causes a pressure gradient which drives the fluid flow through the lacuna-

canalicular network system. This causes tethering elements to stretch the osteocyte 

process membrane, which ultimately impacts the osteocyte cytoskeleton activating 

several biochemical pathways (Thi et al., 2013, Han et al., 2004, You et al., 2001b). 

Integrins act as attachment proteins forming a contact between cells and their 

surroundings. At the location of β3 integrin sites, connecting canalicular wall to 

process membrane, inward protrusions of canalicular wall called Matrix “hillock” 
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protrusions (Figure 2.11) are reported and that these protrusions connect the 

collagen fibres in matrix with process membrane through these integrins 

(McNamara et al., 2009).  

While β3 integrins predominantly exist in cell processes, β1 integrins exist 

on cell bodies forming a connection between the cellular cytoskeleton and the 

lacunae space (Figure 2.11). In vitro studies have shown that osteocyte processes 

are more mechanosensitive than the osteocyte body (Thi et al., 2013, Cabahug‐

Zuckerman et al., 2018), and it has been revealed the osteocyte cell processes 

exhibited αvβ3 integrin attachment sites connecting the processes to the canalicular 

walls  (Thi et al., 2013, Han et al., 2004, You et al., 2001b, McNamara et al., 2009, 

Wu et al., 2011, Cabahug‐Zuckerman et al., 2018). During fluid flow in the lacunar-

canalicular network, αvβ3 attachment sites undergo strains that may be large enough 

to activate ATP releasing channels, purinergic receptor channels and calcium 

channels, which stimulates calcium ion influxes and outfluxes, and these strains can 

be transmitted from stimulated osteocyte processes to the softer cell body 

(Cabahug‐Zuckerman et al., 2018, Wang et al., 2007, Thi et al., 2013). In vitro, 

blocking of αvβ3 has been observed to downregulate mechanobiological responses 

such as Ca2+, COX-2 and PGE2 in osteocytes (Thi et al., 2013, Haugh et al., 2015, 

Geoghegan et al., 2019a). PGE2 plays a vital role in anabolic and catabolic 

regulation by osteocytes and osteoblasts. PGE2 does not only stimulate osteoclast 

differentiation of osteoclasts precursors (RAW264.7) but also enhances bone 

formation in vivo and ultimately restores mechanical strength in pathological 

models (Ke et al., 1993, Ke et al., 1998, Kobayashi et al., 2005). COX-2 inhibition 

from primary bone cells suppressed the fluid flow induced increase in PGE2 

expression indicating the enzymatic action of COX-2 in the production of PGE2 

(Bakker et al., 2003, Klein-Nulend et al., 2013).  
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Figure 2.11: Main mechanosensory elements in osteocytes (Verbruggen and 

McNamara, 2018). (A) Osteocytes are rich in F-actin bundles along their processes 

rather than the cell body, (B) Tethering elements along cell processes connect with 

the canalicular wall and undergo deformation during fluid flow, (C) Osteocyte cell 

body is rich in β1 integrins connecting the cell membrane to the matrix in which 

osteocytes reside, (D) Matrix hillock protrusions are the inward protrusion of the 

canalicular from the matrix connecting osteocyte process membrane to the outside 

matrix, (E) β1 integrins attach cell processes to the canalicular wall. 

Osteoblasts and osteocytes are the most studied, separately, using fluid flow 

in vitro models whereby a layer of osteoblasts or osteocytes are cultured on a 

substrate and allowed to adhere under standard culture conditions 37°C and 5% 

CO2. These parameters might differ based on origin and source of cells. Usually, 

conventional parallel plate flow (Figure 2.12) techniques are most commonly used 

to apply fluid flow to cells (Lu et al., 2012a, Lu et al., 2012b, Ajubi et al., 1999, 

Klein-Nulend et al., 1996, Li et al., 2012) but more recently microfluidic techniques 

have been explored (Middleton et al., 2017a, Middleton et al., 2017b). The main 

common principle in both the techniques is that culture medium can flow above a 
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monolayer of cells mimicking interstitial fluid flow in osteocyte canaliculi. 

Different flow profiles have been used: unidirectional flow, oscillatory flow and 

pulsatile flow (Klein-Nulend et al., 1995, Ajubi et al., 1999, Jaasma and O'Brien, 

2008, Verbruggen et al., 2014, Haugh et al., 2015, Deepak et al., 2017, Allison and 

McNamara, 2019, Geoghegan et al., 2019a) to study the mechanobiological 

behaviour of bone cells. It has been shown that fluid flow induced shear stress 

stimulates osteogenic differentiation of MSCs and pre-osteoblasts (Yourek et al., 

2010, Kim et al., 2014, Liu et al., 2010, Arnsdorf et al., 2009, Mai et al., 2013a, Mai 

et al., 2013b). The predicted physiological range of shear stress acting in vivo  

ranges between 0.8-5 Pa  (Weinbaum et al., 1994, Price et al., 2011) at 0.5-2 Hz for 

simulating normal walking and running frequencies (Li et al., 2012), and so fluid 

flow experiments are generally designed to accommodate these parameters within 

the physiological range. Table 2.2 gives an overview of significant 

mechanobiological studies which use physiological ranges of stimulation to study 

bone cells. 

 

Figure 2.12: Diagram of a basic parallel plate flow chamber. Figure is adapted 

from (Au - Lane et al., 2012). Parallel plate flow chamber set-up used to conduct 

flow experiments in 2D. Notice the unidirectional flow (Pink arrows) of media in 

this set-up.  

Table 2.2: Relevant mechanobiological studies using physiological ranges of 

loading to mechanically stimulate bone cells 
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Paper Cell Type 
Mechanical 

stimulation  
Duration Major Findings 

(Ajubi et 

al., 1999) 

Chicken 

osteocytes 

PFF (0.7 ± 

0.03 Pa), 5Hz 
10 min 

PFF increases [Ca2+]i by 

enhanced  Ca2+ entry into the 

cell and by enhanced  Ca2+ 

release from IP3.   Ca2+ 

releases  PGE2 through 

enhanced PLA activity and 

arachidonic acid production 

(Bakker et 

al., 2001) 

Mouse 

bone cells 

PFF (0.4 ± 

0.1 Pa, 3Hz;  

0.6 ± 0.3  Pa, 

5 Hz; 

1.2 ± 0.4 Pa, 

9 Hz) 

15 min 

No and PGE2 release by 

primary bone cells depends 

on shear stress 

(Bakker et 

al., 2003) 

Mouse and 

human 

bone cells 

PFF (0.6 ± 

0.3 Pa), 5Hz 
1 h 

COX-2 is mechanosensitive 

and regulates PGE2 

production 

(Bakker et 

al., 2004) 

Chicken 

osteocytes, 

osteoblasts 

and 

fibroblasts 

PFF (0.6 ± 

0.3 Pa), 5Hz 
1 h 

FSS enhances osteocyte 

survival 

(Bakker et 

al., 2005) 

Bone cells 

from 

osteoporoti

c women 

PFF (0.6 ± 

0.3 Pa), 5Hz 
1 h 

Estradiol and FSS, both 

promote NO and PGE2 in an 

additive manner 

(Bakker et 

al., 2006) 

Bone cells 

from 

osteoporoti

c and 

osteoarthrit

ic patients 

PFF (0.4 ± 

0.1 Pa, 3Hz;  

0.6 ± 0.3  Pa, 

5 Hz;  

1.2 ± 0.4 Pa, 

9 Hz) 

1 h 
OP bone cells repond to PFF 

is shear stress dependent 

(Bakker et 

al., 2009) 

MLO-Y4 

osteocytes 

PFF (0.7 ± 

0.03 Pa), 5Hz 
5 min 

Inflammatory cytokines such 

as TNFα and ILβ may 

enhance bone loss due to 

increased production of NO 

and osteocyte apoptosis , 

subsequently leading to 

osteoclastogenesis 

(Joldersma 

et al., 2001) 

Osteoporoti

c bone cells 

PFF (0.6 ± 

0.3 Pa), 5Hz 
1 h 

Estrogen regulates 

mechanosensitivity through 

PGE2 but not COX mRNA  

expression 

(Klein-

Nulend et 

al., 1995) 

Chicken 

osteocytes, 

osteoblasts 

and  

fibroblasts 

PFF (0.7 ± 

0.03 Pa), 

5Hz; IHC (13 

kPa), 0.3 Hz 

1 h 

Osteocytes are more 

mechanosensitive than 

osteoblasts and osteocytes 

are mechanosensitive to PFF 

than IHC 
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(Klein-

Nulend et 

al., 1996) 

Mouse 

bone cells 

PFF (0.5 ± 

0.02 Pa) 5 Hz 
1 h 

PGE2 modulates TGFβ 

synthesis but not activity 

(McGarry 

et al., 2005) 

Human 

bone cells 

Four point 

bending 

(1,000 με), 

0.6 Pa 

Computat

ional 

modelling 

Bone cells respond 

differently to FSS and strain 

due to the larger deformation 

in FSS, hence, bone cells are 

more sensitive to FSS 

(Sterck et 

al., 1998) 

Osteoporoti

c and non-

osteoporoti

c bone cells 

PFF (0.7 ± 

0.03 Pa), 5Hz 
1 h 

Bone cells from OP donors 

exhibit impaired long term 

response to PFF (unable to 

retain high levels of PGE2 

release 24 h after PFF) 

(Tan et al., 

2006) 

Chicken 

osteocytes, 

osteoblasts 

and 

periosteal 

fibroblasts 

PFF (0.7 ± 

0.03 Pa), 5Hz 
1 h 

PFF inhibits TNFα induced 

osteocyte apoptosis 

(Tan et al., 

2007) 

Chicken 

osteocytes, 

osteoblasts 

and 

periosteal 

fibroblasts 

PFF (0.7 ± 

0.03 Pa), 5Hz 
1 h 

Loaded osteocytes more 

potently inhibit 

osteoclastogensis than loaded 

osteoblasts. 

(Arnsdorf 

et al., 2009) 

Murine 

MSCs 

OFF (1 Pa), 

1Hz 
1 h 

Y27632 treatment prior to 

application of OFF inhibits 

Rho/ROCK activation, 

enhances chondrogenic and 

adipogenic differentiation 

but decreases osteogenic 

differentiation of MSCs 

(Gardinier 

et al., 2014) 
MC3T3-E1 

Closed loop 

gravity 

driven  

hydrostatic 

pressure (1.2 

Pa) 

1 h 

P2Y2R modulates cell 

stiffness in response to 

mechanical loading through 

Rho/ROCK signalling 

(Deepak et 

al., 2017) 
MLO-Y4 

OFF (1 Pa), 

0.5Hz 
1 h 

Estrogen deficiency 

decreases OFF induced NO, 

PGE2, DMP1, Sclerostin, 

OPN, OCN, ALP and F-actin 

arrangement 

(Haugh et 

al., 2015) 
MLO-Y4 

OFF (1 Pa), 

0.5Hz 
1 h 

Blocking of αvβ3 led to less 

spread osteocyte morphology 

and decreased fluid flow  

induced expression of COX-

2 and PGE2 release 

(Allison 

and 

McNamara, 

2019) 

MC3T3-

E1, RAW 

264.7 

OFF (1 Pa), 

0.5Hz 
1 h 

Estrogen deficiency in 

osteoblasts leads to increased 

osteoclast formation and 

activity 
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When mechanical loading acts on bone in vivo, it does not only cause changes 

in extracellular fluid flow but also causes deformations (strains) of this extracellular 

matrix. Levels of strain experienced by bone (1,200-1,900 µƐ) in vivo due to 

vigorous activities, have been reported not to be enough to elicit a biological 

response in osteogenic cells in vitro (Owan et al., 1997, Burr et al., 1996). However, 

matrix peak strains of a greater order (2,000-30,000 µ) were measured around the 

osteocyte lacunae indicative of canaliculi deformations (Nicolella et al., 2006). The 

4-point bending, uniaxial stretching and bi-axial stretching of the substrate are some 

techniques used to study matrix strains in vitro. The 4-point bending exerted cyclic 

strains of 1,000 µƐ on primary human bone cells seeded on a substrate and 

furthermore stimulated NO and collagen synthesis but not PGE2, indicative of 

limited fluid flow due to 4-point bending (Mullender et al., 2004).  

2.5 Bone Mechanotransduction  

Mechanotransduction is the biochemical process through which cells can elicit a 

response to the loading acting upon them. The actin cytoskeleton has been shown 

to regulate mechanosensitivity and mechanical behaviour of bone cells, and 

predominantly control the cell morphology. MC3T3-E1 osteoblasts respond to fluid 

flow induced shear stress by rearranging the actin filaments in cytoskeleton 

(Pavalko et al., 1998). Actin stress fibres are more prominent and rearrange parallel 

along the longer axis of cells, and correlate with β1 recruitment to focal adhesion 

sites and alignment of α-actinin along the stress fibres (Pavalko et al., 1998).  

2.5.1 Rho-ROCK signalling 

Rho associated coiled kinases (ROCKs) are multifunctional kinases involved in 

cellular activities and their activity level effects may range from physiological to 

pathological states. These are involved in stress-fibre formation and contraction, 

(Geoghegan 

et al., 2019) 
MLO-Y4 

OFF (1 Pa), 

0.5Hz 
1 h 

Estrogen deficiency leads to 

increased smaller focal 

adhesion area, reduced  αvβ3 

distribution at focal adhesion 

sites and enhanced markers 

of osteoclastogenesis 
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cell-substratum and cell-cell adhesion, migration and invasion, transformation, 

phagocytosis and apoptosis, cytokinesis and mitosis and cell-size and 

differentiation (Riento, 2003b).  Studies have linked the ROCK proteins to cell 

differentiation (Sordella, 2003) and cell size (Farah, 1998). Osteoblast migration in 

response to fluid flow induced shear stress, is a stress magnitude dependent 

behaviour which only lasts for a short time after the onset of flow, after which the 

migration is decreased and ROCK silencing enhanced this shear sensitive window 

and led to increased osteoblast migration in the flow direction (Riehl et al., 2017). 

Active Rho-ROCK signalling in osteoblasts inhibit PTH/Calcitol induced 

osteoclastogenesis by suppressing the increase in RANKL mRNA and decrease in 

OPG mRNA levels (Wang and Stern, 2010). Rho-ROCK signalling inhibition in 

RAW264.7 cells, by treatment with 10 µM Y27632, promoted formation of large 

osteoclasts whereas Rho activator promoted formation of small osteoclasts (Takito 

et al., 2015). Moreover, in stromal cells treatment with 10 µM Y27632, blocked 

hyaluronic acid induced RANKL downregulation, hence favouring osteoclast 

differentiation (Ariyoshi et al., 2014). Therefore, Rho-ROCK signalling is a 

negative regulator of osteoclast differentiation and size.  

 

Figure 2.13: Cytoskeletal tension and the role of cell shape in osteogenic 

differentiation of MSCs (Settleman, 2004). On longer Fibronectin islands, MSCs 

experienced higher external forces from the substrate and exhibited osteoblast like 
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spread morphology whereas on shorter Fibronectin island, a more adipocyte like 

round morphology was seen.  

Stress fibres are prominent in osteogenic differentiation of MSC cells, but 

it is predominantly the substrate properties that control cytoskeleton arrangement 

in MSCs in order to control their morphology. For example, MSCs cultured on 

longer islands of fibronectin resulted in a more spread shape with activated Rho A, 

which is an activator of ROCK, to modulate this shape by maintaining the tensed 

actin fibres, and thereby demonstrate osteogenic morphology (Settleman, 2004). 

This tension in the cytoskeleton balances the larger external forces than those 

arising in the case of smaller Fibronectin coated islands, which ultimately favoured 

an adipogenic round morphology (Figure 2.13). Moreover, Arnsdorf et al., showed 

that fluid flow induced shear stress on MSCs stimulated osteogenic differentiation 

of these cells via Rho-ROCK signalling, which led to the formation of actin stress 

fibres (Figure 2.14) (Arnsdorf et al., 2009). Inhibition of ROCK was reported to 

prevent cytoskeletal rearrangement and attenuate osteogenic gene expression, 

particularly RUNX-2 (Arnsdorf et al., 2009), which indicated that Rho-ROCK 

signalling was necessary for osteogenic differentiation of MSCs.  

 

Figure 2.14: Rho-ROCK signalling induced osteogenic differentiation in response 

to Oscillatory Fluid Flow. Figure is adapted from (Arnsdorf et al., 2009). Rho-
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ROCK associated with isometric tension and osteogenic gene expression in MSCs 

in response to oscillatory fluid flow.  

2.5.2 Calcium signalling 

Calcium ion oscillations in cells are amongst the very first biological responses that 

occur after a mechanical stimulus is conferred (Robling and Turner, 2009, Chen et 

al., 2000, You et al., 2001a). Calcium ions act as a messenger by modulating 

downstream events and by activating mechanotransduction pathways. The 

Endoplasmic Reticulum (ER) in mature osteoblasts has a high concentration of 

calcium ions (Bygrave and Benedetti, 1996, Florencio-Silva et al., 2015). 

Interestingly, mechanically stimulated osteocytes respond more vigorously, in 

terms of calcium signalling intensity and number of cells responding, than 

osteoblasts (Lu et al., 2012a). In vivo  the magnitude of applied strain influences the 

number of osteocytes responding, as seen by the enhanced levels of [Ca2+]i  (Lewis 

et al., 2017).  

Upon exposure to fluid flow, extracellular Ca2+ influxes occur through 

mechanosensitive and voltage sensitive channels which releases ATP and UTP 

vesicles, these molecules activate purinergic receptors such as  P2Y2 and P2X 

(Bowler et al., 1999, Duncan et al., Genetos et al., 2005, Orriss et al., 2007, Liu et 

al., 2008, Romanello et al., 2005, Gardinier et al., 2014) . The extracellular ATP 

binds with P2X receptor, which causes an IP3-induced Ca2+ release from 

intracellular stores and this enhancement in [Ca2+]i modulates gene expression. 

Activated P2Y2 receptor stimulates Rho/ROCK/LIMK-2/P-Cofilin signalling, 

which enhances actin stress fibre formation, subsequently upregulating the cell 

stiffness and mechanosensitivity towards the next bout of loading (Figure 2.15) 

(Hung et al., 1996, Gardinier et al., 2014). Interestingly, ROCK activation was a 

rapid switch which took only 5 mins of flow, while stress fibres were seen after 30 

minutes of flow and mechanosensitivity of osteoblasts was noticed to be reduced 

after 2 – 5 min of flow (Gardinier et al., 2014).  

[Ca2+]i responses in osteocytes can be propagated to neighbouring cells, as 

seen in several nanoindentation studies. [Ca2+]i in stimulated cells triggers [Ca2+]i 
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signalling in non-stimulated cells where this Ca2+ wave propagation is ATP and not 

gap junction dependent, and this propagation is also supported by the smaller 

separation distance from the stimulated cell  (Huo et al., 2010, Mikolajewicz et al., 

2018, Guo et al., 2006). 

 

Figure 2.15: A predicted mechanism through which Rho-ROCK signalling 

regulates mechanosensitivity in osteoblasts in response to fluid flow induced shear 

stress (FSS) (Gardinier et al., 2014). Mechanical and voltage calcium ion channels 

(MCSS and VSCC) are opened by FSS, which allows extracellular calcium ions to 

enter the cell. This leads to extracellular release of ATP where it binds with P2Y2 

receptor and activates the Rho-ROCK-LIMK2-PCofilin signalling, which results in 

actin stress fibre formation. This rearrangement of actin cytoskeleton increases the 

cell stiffness and hence, makes it less mechanosensitive by restricting the import of 

extracellular calcium. ATP molecules can also bind with P2X2 receptor to activate 

intracellular calcium release which regulates gene expression in osteoblasts. 

2.6 Osteoporosis 

Osteoporosis is described as a progressive systemic skeletal disease characterised 

by low bone mass and microarchitectural deterioration of bone tissue, with a 

consequent increase in bone fragility and susceptibility (Christiansen, 1991, 

Consensus, 1993). Clinical diagnosis of osteoporosis is performed with a bone 
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mineral density test to predict a  fracture risk (Bartl and Frisch, 2009). 

Postmenopausal osteoporosis is a bone disease that is most commonly manifested 

in women following the menopause when estrogen production is deficient and is 

characterised by enhanced net bone resorption (Figure 2.16), ultimately leading to 

brittle bones which are more vulnerable to fracture (Albright et al., 1941, Riggs et 

al., 1998, Riggs and Melton Iii, 1995, McNamara, 2010). In age-related 

osteoporosis, bone formation is slowed down as a result of increased oxidative 

stress, which can otherwise be compensated by the antioxidant defence mechanisms 

in the body. However these defences are lowered with age and hence expose the 

cells to high oxidative stresses (Feng and McDonald, 2011).  

 

Figure 2.16: Bone remodelling during osteoporosis and normal condition. Figure 

is adapted from (Chang et al., 2019). In postmenopausal, osteoporosis, net bone 

resorption is greater than bone formation leading to fragile bones prone to 

fractures.  

2.6.1 Tissue Level Changes 

As stated above, bone resorption dominates bone formation during osteoporosis and 

at the organ level, bone density decreases leading to bones that are brittle and more 

prone to fracture. The effects of estrogen deficiency on mechanical properties of 

bone have been widely studied using ovariectomy-induced osteoporotic models, 

since ovaries are the main production sites for estrogen in females. Ovariectomy 
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(OVX) induced estrogen deficiency in rat models decreased overall bone mass and 

bone mineral density. Within the first month of OVX in animal models, studies 

have reported a rapid decrease in trabecular bone volume, trabecular thickness and 

altered morphology where the structure of trabeculae is altered such that they 

become from plate-like to rod like (Waarsing et al., 2004, Laib et al., 2001, Boyd 

et al., 2006). After four weeks of OVX, an increased number of TRAP+ osteoclasts, 

compared to SHAM groups, were seen indicating enhanced levels of bone 

resorption  (Voisin and McNamara, 2015) which explains the rapid bone loss post 

OVX. Moreover, OVX induced bone loss in mice resulted from enhanced 

osteoclastogenesis through increased TNF, RANKL and M-CSF production 

(Roggia et al., 2001, Cenci et al., 2000). 

It has also been reported that the mechanical properties of the trabecular 

tissue, such as stiffness, yield stress, yield strain and ultimate stress, were increased 

at 14, 34 and 54 weeks of OVX (McNamara et al., 2006, McNamara, 2010). 

Interestingly, during later stages of OVX induced estrogen deficiency, 

mineralization was increased in rats after 54 weeks of OVX and in ovine after 31 

months of OVX (McNamara et al., 2005, Brennan et al., 2011c, Brennan et al., 

2012b). After 12 months of OVX,  the bone trabecular tissue from proximal femur 

was reported to be more heterogeneous than in healthy tissue and this heterogeneity 

is shown to be site specific  (Brennan et al., 2011a). Moreover, cancellous bone in 

human osteoporotic patients also exhibited a very heterogeneous mineral 

distribution in femoral heads owing to the higher bone volume and deteriorated 

architecture at high mineral sites (Parle et al., 2019). This increase in mineral 

density and heterogeneity indicated a compensatory mechanism by which bone 

tissue accommodates for the rapid bone loss due to estrogen deficiency (McNamara 

et al., 2005, McNamara et al., 2006, Parle et al., 2019, O'Sullivan et al., 2020). 

These findings at tissue level agree with the cellular level findings of Verbruggen 

et al., where they predict that during longer or later stage of estrogen deficiency (34 

weeks), mechanobiological responses occur to compensate for the altered 

mechanical environment which had occurred during early stages of estrogen 

deficiency (Verbruggen et al., 2015). It has been speculated that the tissue levels 

changes might be explained by altered bone cell functioning and predicted altered 
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responses to mechanical loads (Sharma et al., 2012, O'Sullivan et al., 2020, 

Verbruggen et al., 2015, Voisin and McNamara, 2015, McNamara et al., 2006, 

McNamara et al., 2005, Knothe Tate et al., 2002).  

2.6.2 In vitro models of estrogen deficiency 

Estrogen plays a vital role in regulating normal bone biology. Soluble estrogen 

binds with three types of estrogen receptors, namely, ERα, ERβ and GPR30 and 

these receptors regulate gene transcription and non-genomic responses by 

osteogenic cells (Galea et al., 2013b, Mann et al., 2007, Sirianni et al., 2008, Deepak 

et al., 2017). In female mice models, while ERα knockout led to decrease in cortical 

but increase in trabecular bone mineral density, ERβ activation have led to increases 

in both, cortical and trabecular bone mineral density (Khalid and Krum, 2016). 

GPR30 activation has recently been shown to be necessary for osteoblast 

differentiation and mineralization, with an increase in osteogenic gene expression 

such as RUNX-2, ALP, OCN, type 1 Collagen and Osterix (Lin et al., 2019).  

While estrogen promotes pre-osteoclast and osteoclast apoptosis, through 

increased TGF-β, it prevents osteoblast and osteocyte apoptosis. Hence a lack of 

estrogen leads to an enhanced rate of bone remodelling (Boyce et al., 2002). 

Enhanced levels of OPG can also stimulate osteoclast apoptosis by lowering 

RANKL-induced anti-apoptotic effects on osteoclasts, ultimately leading to 

enhanced bone formation but reduced bone resorption (Murakami et al., 1998, 

Takai et al., 1998). Cytokines such as IL-1 and IL-6 prevent osteoclast apoptosis 

whereas nitric oxide promotes osteoclast apoptosis (Boyce et al., 2002). Several 

factors, such as a lack of estrogen, disuse of bones and microcracks, promote 

apoptosis of osteocytes in cortical bone and osteocyte apoptosis consistently 

precedes osteoclast recruitment at areas for bone resorption, particularly during the 

resorption phase of bone remodelling (Emerton et al., 2008). 

 How bone cell mechanobiology is altered during osteoporosis, is not very 

well understood. Mechanosensors, such as integrins and focal adhesions that 

connect bone cells to their extracellular environment, have recently been reported 

to be altered in bone tissue of osteoporotic animals and in bone cells cultured under 



                                                                                                  Chapter 2 

 

 

45 

 

post-menopausal conditions in vitro (Voisin and McNamara, 2015, Geoghegan et 

al., 2019a, Geoghegan et al., 2019b). OVX induced larger lacuna-canalicular 

porosity have led to larger canalicular size, loose collagen fibres surrounding 

osteocyte canaliculi, matrix debris and collagen fibres in pericellular space of 

lacunae, which altered the interstitial fluid flow around osteocytes (Sharma et al., 

2012, Ciani et al., 2014). A pioneering study by Sterck et al. exposed human bone 

cells from both osteoporotic and non-osteoporotic groups to pulsating fluid-flow 

induced shear stress, and by this approach exhibited upregulated levels of PGE2 and 

NO and reduced levels of TGF-β, 1 h post-mechanical stimulation in both groups. 

Intriguingly, only non-osteoporotic groups sustained the high release of PGE2, but 

not NO and TGF-β, 24 h post-mechanical stimulation and the osteoblast phenotype 

was confirmed by verifying the enhanced ALP activity and Osteocalcin release in 

both the groups (Sterck et al., 1998). This indicated that during osteoporosis bone 

cells might sense and respond the same load differently than during normal 

conditions.  

It was only until recently that in vitro estrogen deficiency based models, to 

characterize bone cell mechanobiology, have gained interest. An in vitro  model of 

estrogen deficiency where osteocytes and osteoblasts were accustomed to 17β-

estradiol for 14 days, found that tissue level changes in bone composition might be 

explained by alterations in mineral production by osteoblasts during estrogen 

deficiency (Brennan, 2014). More recently a post-menopausal in vitro  model was 

used, which involved accustoming bone cells (osteoblasts and osteocytes) to 17β-

estradiol to mimic pre-menopausal conditions and then afterwards inducing 

estrogen deficiency by halting the treatment of estradiol or by treating with 

Fulvestrant, an estrogen receptor blocker (Deepak et al., 2017, Geoghegan et al., 

2019a, Allison and McNamara, 2019). Deepak et al., showed that estrogen 

regulates the mechanosensitivity of osteocytes, as seen by enhanced calcium ion 

oscillations,  ultimately leading to enhanced osteogenic gene expression 

downstream (Figure 2.17). Furthermore, they reported that during estrogen 

deficiency these responses were attenuated and that osteocyte  maturity is altered, 

as seen by the downregulated osteogenic gene expression downstream such as 

DMP-1, ALP, OCN, OPN and SOST (Deepak et al., 2017).  
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Figure 2.17: Estrogen deficiency alters osteocyte mechanobiology. Figure is 

adapted from (Deepak et al., 2017). The treatment of osteocytes with 17β-estradiol 

enhanced mechanosensitivity of osteocytes to oscillatory fluid flow (OFF). 

Estrogen deficiency (EW) altered osteocyte mechanosensitivity as seen by 

mechanical loading induced attenuated Ca2+ response, downregulated osteogenic 

gene expression and reduced stress fiber formation.  

Haugh et al., had previously shown that osteocytes mechanosensation and 

mechanotransduction is facilitated by αvβ3 ultimately regulating osteocyte cell 

signalling implicated in bone resorption (Haugh et al., 2015). When αvβ3  

antagonism  was studied using IntegriSense 750, osteocyte morphology (cell area 

and focal adhesion sites) was reported to be similar to that during estrogen 

deficiency and this αvβ3  antagonism suppressed the fluid flow induced COX-2 

response, indicating the role of αvβ3  in osteocyte mechanotransduction 

(Geoghegan et al., 2019b, Geoghegan et al., 2019a). Interestingly, the altered 

mechanosensitivity of osteocytes due to estrogen deficiency led to enhanced factors 

that regulate osteoclastogenesis, whereby RANKL/OPG gene expression was 

upregulated but COX-2 was downregulated (Figure 2.18), implicating enhanced 

bone resorption and decreased bone formation in vivo (Geoghegan et al., 2019b, 

Geoghegan et al., 2019a).  
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Figure 2.18: Estrogen deficiency alters mechanotransduction in osteocytes 

(Geoghegan et al., 2019b). Proposed mechanism of αvβ3 mediated 

mechanotransduction in osteocytes. Estrogen enhances the number of αvβ3 Focal 

adhesion sites leading to actin stress fibre formation and subsequently reducing 

RANKL but increasing OPG and COX-2 in response to oscillatory fluid flow (OFF). 

On the contrary, estrogen withdrawal (EW) reduces the number of αvβ3  Focal 

adhesion sites leading to less developed actin stress fibre formation and 

subsequently increasing RANKL but decreasing OPG and COX-2 in response to 

oscillatory fluid flow (OFF). When αvβ3  antagonism was studied, it resulted in 

similar effects to those seen under estrogen deficiency. 

Using a similar in vitro  model of estrogen deficiency,  it was  reported that estrogen 

deficiency induced alterations in osteoblast mediated osteoclast differentiation and 

osteoclast activity, by modulating the levels of RANKL and OPG, whereby an 

increase in RANKL/OPG expression enhanced osteoclast differentiation (Figure 

2.19) (Allison and McNamara, 2019). Altogther, these recent studies shed light on 

potential mechanisms and responses which are implicated in altered 
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mechanotransduction during postmenopausal osteporosis (Deepak et al., 2017, 

Allison and McNamara, 2019, Geoghegan et al., 2019a). However, how altered 

mechanobiology affects osteogenic differentiation and communication amongst 

bone cells under estrogen deficiency is not yet fully understood. This thesis reports 

studies conducted which aimed to ehance this understanding and thereby, represents 

the need to target the altered mechanobiology in osteoporosis management.  

 

Figure 2.19: Estrogen deficiency induced osteoclastogenesis by osteoblasts. Figure 

is adapted from (Allison and McNamara, 2019). TRAP+ images (purple) of mature 

osteoclasts when pre-osteoclasts (RAW264.7 cells) were cultured with 

mechanically stimulated osteoblasts (MC3T3-E1 cells). Estrogen withdrawal (EW) 

or blocking of estrogen receptors with Fulvestrant (FE) in osteoblasts led to 

enhanced osteoclastogenesis (yellow arrows) post osteoblast mechanical 

stimulation using oscillatory flow (OFF). The groups labelled as Stat did not 

receive OFF but instead were cultured under static conditions.  

2.6.3 Current treatments of Osteoporosis 

Current treatments for osteoporosis (Table 2.3) include hormone replacement 

therapy (Christiansen, 1996) and bisphosphonate drugs (McCombs, 2004) but these 

treatments only reduce the fracture susceptibility to a certain extent (~50% 

reduction) with 50% of sufferers on treatment experiencing disability and 75% 
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never regaining good health (McNamara, 2010). Recently anabolic therapies that 

target biochemical secretion of mechanotransduction proteins such as sclerostin, 

have gained interest to enhance bone formation (Poole et al., 2005, Lin et al., 2009).  
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Table 2.3: Current treatments for osteoporosis 

Drug Type Effect Drawback 

 

 

Bisphosphonates 

 

 

Anti-

resorptive 

drug 

 Inhibits bone 

resorption 

 High binding affinity 

to bone minerals 

 Induces osteoclast 

apoptosis during 

bone resorption 

(Russell et al., 2008) 

 Did not impair 

fracture union in 

healthy rats 

(McDonald et al., 

2008, McDonald et 

al., 2013) 

 A typical long bone 

fractures after long term 

treatment  

 Increased risk of jaw 

osteonecrosis at higher 

doses (Suresh et al., 

2013, Kharazmi et al., 

2014, Rasmusson and 

Abtahi, 2014) 

 Callus remodelling 

delayed in OVX rats (Fu 

et al., 2013) 

 Unable to build the bone 

lost 

 

 

 

Teriparatide 

 

 

 

Anabolic drug 

 Increased osteoblast 

number 

 Increased osteoblast 

activity 

 Increased osteogenic 

diff of MSC  

 Decreasing 

osteoblast apoptosis 

(Yu et al., 2012, Jilka 

et al., 1999, Canalis 

et al., 2007) 

 Inconvenient everyday 

(subcutaneous 

injections) delivery 

 Risk of osteosarcoma –

hence, maximum 

treatment of 2yrs 

(Watanabe et al., 2012, 

Vahle et al., 2004) 

 

 

Denosumab 

 

 

Anti-

resorptive 

drug, 

humanized 

monoclonal 

antibody 

 Inhibits the binding 

of RANKL to its 

receptor  

 Inhibition of 

osteoclast 

development, 

formation and 

survival       (Baron 

et al., 2011) 

 

 Atypical long bone 

fractures after long term 

treatment  

 Increased risk of jaw 

osteonecrosis at higher 

doses (Suresh et al., 

2013, Kharazmi et al., 

2014, Rasmusson and 

Abtahi, 2014) 

 Unable to build the lost 

bone 

 

 

Romosozumab 

 

 

Anabolic 

drug, 

Monoclonal 

sclerostin-

antibody 

 Targets sclerostin 

produced by mature 

osteocytes 

 Increases bone 

formation by 

osteoblasts in rodents  

(Li et al., 2008) 

 Reduced fracture 

risk, as seen in 12 

month clinical trial 

(Cosman et al., 2016) 

 Requires osteoclast 

targeting drugs for 

prolonged effects 

(Baron et al., 2011, 

Lewiecki et al., 2019) 

Bisphosphonates have the high affinity to bind with the hydroxyapatite 

crystals and prevent its degradation by inducing osteoclast apoptosis. Drugs such 

as Alendronate have been shown to be more potent at organ level rather than cellular 
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level, owing to their higher mineral binding and load bearing ability (Russell et al., 

2008, Baron et al., 2011). The major disadvantage is that bisphosphonates target 

bone resorption but not bone formation, hence these drugs have been unable to build 

the lost bone and typical long bone fractures still exist after the treatment (Suen and 

Qin, 2016). Parathyroid Hormone (PTH) is secreted by parathyroid glands to 

regulate the calcium levels in blood serum by acting upon bones, kidneys and 

intestines. It has been shown that an increase in PTH enhances bone formation by 

inhibiting osteoblastic apoptosis  (Pierre and Moustapha, 2011, Cosman et al., 2018, 

Cosman et al., 2016, Jilka et al., 1999) by increasing osteoblast number and 

decreasing sclerostin (Bellido, 2014, Jilka et al., 1999). Based on this, Teriparatide, 

an anabolic drug which is an analogue of PTH and FDA approved in 2002, increases 

osteoblast number, osteoblast activity and osteogenic differentiation whilst also 

decreasing osteoblast apoptosis (Jilka et al., 1999, Yu et al., 2012, Canalis et al., 

2007). Major limitations of this therapy include frequent subcutaneous injection 

delivery, a risk of osteosarcoma and a prolonged treatment of 2 years (Watanabe et 

al., 2012, Vahle et al., 2004).  

Recently anabolic therapies aim at targeting mechanotransduction proteins 

like sclerostin. Mature osteocytes express molecules like sclerostin, which bind to 

their receptors and prevent the activation of Wnt signalling pathway which is 

required for osteoblasts generation (Bellido, 2014, Lewiecki, 2011, van Bezooijen 

et al., 2004, Iniguez-Ariza and Clarke, 2015, Li et al., 2005, Semenov et al., 2005). 

In rodents, genetic deletion of sclerostin resulted in a progressive and generalized 

increase in bone mass due to increases in the number of osteoblasts and activity of 

osteoblasts (Li et al., 2008). In contrast, sclerostin overexpression reduces bone 

formation and bone mass in mice (Loots et al., 2005, Rhee et al., 2011, Winkler et 

al., 2003). These findings led to the prediction that inhibition of sclerostin might 

restore bone mass and strength in the osteoporotic skeleton. Amgen 

(Romosozumab) guided the development of neutralizing antibodies to 

therapeutically target sclerostin, which resulted in a vast array of animal and human 

clinical studies demonstrating the ability of Scl-Ab to stimulate bone formation and 

increase bone mass and strength. With Romosozumab, a sclerostin inhibitor which 

received FDA approval in 2019, clinical trials have shown a positive effect in 
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reducing fracture risk up to 42% compared to placebo but over a treatment period 

of 12 months (Cosman et al., 2016). However, the prolonged effects of increased 

BMD and decreased fracture risks were maintained only when Denosumab, an anti-

resorptive drug that acts on osteoclast development, was given for additional 2 years 

following the 1 year of treatment with Romosozumab (Baron et al., 2011, Lewiecki 

et al., 2019). 

2.7 Summary  

This chapter has described literature related to bone physiology during health and 

postmenopausal osteoporosis. After describing the basics of bone biology, a 

detailed and specific focus on bone cell mechanobiology and mechanotransduction 

were included. To summarize, it can be said that bone is an adaptive organ that 

modulates itself as per the mechanical demands of the body. However, this 

outstanding property of bone is compromised during osteoporosis. Although the 

effects of estrogen deficiency have been studied at the tissue level, how 

mechanobiology of bone cells is altered during estrogen deficiency is still not fully 

known. Specifically, the effects of estrogen deficiency induced mechanobiology 

upon osteogenic differentiation and communication amongst bone cells is poorly 

understood. This thesis reports studies conducted which aimed to ehance this 

understanding and thereby, presents the need to target the estrogen deficiency 

induced mechanobiology in osteoporosis management. 

Chapter 3 of this thesis determined alterations in the mechanobiological 

responses of osteoblasts during early estrogen deficiency and investigated whether 

an inhibitor of the Rho-ROCK signalling can revert these changes. Chapter 4 

investigated osteocyte mediated osteoclastogenesis during early estrogen 

deficiency, and ROCK-II inhibition in osteocyte mediated osteoclastogenesis in 

vitro. Chapter 5 examined how altered calcium ion signalling in stimulated 

osteocytes affect calcium signalling in osteoblasts cultured in the same vicinity, 

particularly during early estrogen deficiency. The main findings, conclusions and 

implications of this research are discussed in Chapter 6.  



53 

 

3 Chapter 3: ROCK-II inhibition 
suppresses impaired 
mechanobiological responses in 
early estrogen deficient 
osteoblasts 

 

3.1 Introduction 

Bone cells are intricately regulated by biophysical cues provided by daily physical 

loading, which govern cell proliferation, motility, differentiation and matrix 

production (Ingber, 2003, Engler et al., 2006, Rowlands et al., 2008, Evans et al., 

2009, Buxboim et al., 2010, Owan et al., 1997, Klein-Nulend et al., 2012, 

Wittkowske et al., 2016). Throughout life maintenance of normal adult bone relies 

on these physical cues, which govern the activity of osteoblasts and osteoclasts 

when this environment is not favourable (Kapur et al., 2002, McAllister, 2000, Li 

et al., 2012, Nauman et al., 2001, Klein-Nulend et al., 1996, Malone et al., 2007, 

Lee et al., 2014, Hoey et al., 2012a, Hoey et al., 2011, Wang et al., 2008, Wang et 

al., 2007). This process is governed by osteoblasts and osteocytes, which possess 

mechanosensitive proteins (integrins, primary cilia, actin cytoskeleton) 

(Litzenberger et al., 2010, Ziambaras et al., 1998, Rubin et al., 2006, Malone et al., 

2007, Hoey et al., 2012b) and activate a variety of intracellular signalling cascades 

(MAP kinase, Rho–ROCK and Wnt/β-catenin) upon exposure to mechanical 

stimulation (Rubin et al., 2006, Jacobs et al., 2010, Arnsdorf et al., 2009, Bonewald 

and Johnson, 2008) that ultimately govern osteogenic differentiation and matrix 

production (Bakker et al., 2001, Donahue et al., 2003, Reilly et al., 2003, Batra et 

al., 2005). Moreover, osteoblasts produce biochemicals (Prostaglandin E2 (PGE2), 

Nitric Oxide (NO), RANKL, OPG) that govern osteoclastogenesis and bone 

resorption.  
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During post-menopausal osteoporosis the levels of estrogen circulating in 

the blood are deficient, which increases the number and resorption activity of 

osteoclasts, leading to bone loss and ultimately fracture (Albright et al., 1941, 

Rosen, 2000, Bell, 1996). Despite evidence that osteoblast biology is governed by 

estrogen (Neidlinger-Wilke et al., 1995, Sterck et al., 1998, Bakker et al., 2005, 

Joldersma et al., 2001, Yeh et al., 2010, Damien et al., 1998, Cheng et al., 2002) 

and also that bone tissue composition is fundamentally altered in osteoporotic bone 

(Birkenhaeger-Frenkel, 1987, Bailey et al., 1993, Oxlund et al., 1996, Batge et al., 

1992, Kowitz et al., 1997, Bailey and Knott, 1999, Mansell and Bailey, 2003, 

Spotila et al., 1991, Grant et al., 1996, Efstathiadou et al., 2001, Harris et al., 2000, 

McNamara et al., 2006, Gadeleta et al., 2000, Dickenson et al., 1981, Boyde et al., 

1998, McCreadie et al., 2006, Paschalis et al., 1997, Baud et al., 1988, Ciarelli et 

al., 2003, Grynpas et al., 1994, Ikeda et al., 1996, Zhu et al., 2008, Jilka et al., 1998, 

Brennan et al., 2011a, Brennan et al., 2012b, Verbruggen et al., 2015, Brennan, 

2014), the disease is still regarded to be a disease of bone loss, albeit that anti-

resorptive therapies only reduce osteoporosis fractures by 50% (Randell et al., 

2002). However, estrogen plays a role in the responsiveness of bone cells to in vitro 

mechanical stimuli (Bakker et al., 2005, Joldersma et al., 2001, Yeh et al., 2010, 

Damien et al., 1998, Cheng et al., 2002) and osteoblasts from osteoporotic donors 

show altered biochemical responses to loading (Sterck et al., 1998). Using an in 

vitro model of estrogen deficiency, studies have recently helped to discover 

alterations in the responses (calcium signalling, nitric oxide, PGE2, osteogenic gene 

expression and protein synthesis) of osteoblasts and osteocytes to mechanical 

stimulation and have also reported changes in bone mechanosensation mechanisms 

(Deepak et al., 2017, Geoghegan et al., 2019a, Allison and McNamara, 2019). Such 

findings have evolved scientific understanding of the mechanobiological 

mechanisms and suggest that impaired mechano-transduction by bone cells during 

estrogen withdrawal may be a contributing factor in bone loss and increased 

fragility during osteoporosis.  

It is known that the small GTPase RhoA and its effector protein Rho-

associated coiled kinases (ROCK-II) regulate fluid-flow-induced osteogenic 

differentiation of murine mesenchymal stem cells (MSC) (Arnsdorf et al., 2009). 

Osteoblast-like cells (MC3T3-E1) respond to fluid shear stress (1 Pa) by activating 
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RhoA signalling, which stimulates phosphoinositide 3-kinase (PI3K) and mitogen-

activated protein kinase (MAPK) genes (Hamamura et al., 2012), and regulate the 

expression of Osteopontin (OPN) and Cyclooxygenase 2 (COX-2) (Reinholt et al., 

1990, Hamamura et al., 2012, Li et al., 2011a, You et al., 2001a). These responses 

may be regulated by purinergic P2Y2 receptors, which regulate actin stress fibre 

formation through downstream activation of the Rho-ROCK pathway (Gardinier et 

al., 2014). Drug treatments that target mechanotransduction by regulating acto-

myosin tension through the Rho-ROCK pathway have gained interest as therapeutic 

agents for several diseases, in particular controlling tumour invasion and neuronal 

conversion (Imamura, 2000, Xi et al., 2013, Hu et al., 2015). However, ROCK has 

not been targeted to alter mechanobiological responses in the treatments for 

osteoporosis or fractures. 

In this study, the hypotheses are that the mechanobiological responses of bone 

cells are impaired during early estrogen deficiency and inhibition of the Rho-ROCK 

signalling pathway may attenuate such changes. The specific objectives are to (1) 

determine how estrogen deficiency governs the ability of mechanically stimulated 

osteoblasts to reorganise their cytoskeleton, synthesize PGE2, produce ALP and 

alter osteogenic gene expression and (2) investigate whether an inhibitor of the 

Rho-ROCK signalling pathway can revert these changes.  

3.2 Materials and Methods  

All consumables/products were obtained from Sigma Aldrich, Ireland unless 

otherwise stated. 

3.2.1 In vitro model of estrogen deficiency and ROCK-II inhibition under 

mechanical stimulation  

Murine calvarial osteoblast-like MC3T3-E1 cells were cultured in standard growth 

media (ɑ-Minimum Essential Medium Eagle supplemented with 10% Foetal 

Bovine Serum, 2 mM L-glutamine, 100 U/mL Penicillin and 100 μg/mL 

Streptomycin) and administered with 10 nM 17β-estradiol for 7 days as a pre-

treatment. Control cells were cultured without estradiol pre-treatment. Cell culture 
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media was replenished every 2-3 days and cells were maintained at 37°C in a 

humidified environment with 5% CO2. Control and estrogen pre-treated cells were 

seeded at 11,000 cells per cm2 on 76 mm x 26 mm glass slides and were cultured 

for a further 2 days either with (a) standard growth media for control cells, (b) 

continued estrogen (17β-estradiol ) supplemented media or (c) an estrogen deficient 

condition where 17β-estradiol administration was discontinued, to mimic 

postmenopausal osteoporosis. After 2 days of culture, cells were next cultured in 

(1) standard growth media (as above) or (2) standard growth media supplemented 

with the ROCK-II inhibitor (Y27632) at 10 μM for 60 min and washed with 

Dulbecco’s Phosphate Buffered Saline (PBS). Following this, a single bout of 

mechanical stimulation was applied using laminar oscillatory fluid flow (OFF; 0.5 

Hz, ±1 Pa, 1 h) using a custom-designed parallel plate flow chamber (Haugh et al., 

2015) and a syringe pump (New Era Pump Systems, NE-1600, USA). A single bout 

of OFF was applied to MC3T3-E1 cells in order to simply capture short term 

(cytoskeletal changes, PGE2 and ALP) and long term (gene expression) 

mechanobiological responses whereas multiple bouts of loading tend to alter the 

mechanical properties of these cells and hence, may exhibit more complex 

mechanobiological responses over time. Cells referred to as ‘static’ in this study 

were not exposed to OFF. 

3.2.2 DNA Content 

DNA content was quantified to examine the effect of estrogen, estrogen depletion, 

mechanical stimulation and ROCK-II inhibition on the proliferation of MC3T3-E1 

cells. Briefly, cells were incubated in 1 mL of standard media at 37°C and 5% CO2 

for 2 h and total DNA was determined by fluorometric quantification using a 

Hoechst assay. Calf thymus DNA dissolved in Hoechst buffer (1 mM EDTA, 10 

mM Tris (hydroxymethyl) aminomethane, 0.1 M Sodium Chloride, pH 7.4) was 

used to generate a standard curve (0-300 ng/well). After washing twice with PBS, 

cells were incubated with lysis buffer (1% Triton-X100 in Hoechst buffer) on ice 

and then the lysates were frozen at -80°C. Standards and samples were added in 

triplicate to 96 well-plates with Hoechst 33258 fluorescent dye (0.1 μg/mL in 

Hoechst buffer). Fluorescence was quantified using a spectrophotometer (Synergy 

HT, Biotek®, excitation 356 nm, emission 458 nm).  
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3.2.3 PGE2 ELISA 

PGE2 release was quantified to examine the effect of estrogen deficiency and 

ROCK-II inhibition upon bone metabolism activity of osteoblasts. After 

mechanical stimulation, all cells were incubated in 1 mL of standard media at 37°C 

and 5% CO2 for 2 hours. The supernatant was collected and assayed for 

Prostaglandin E2 (PGE2) content using the protocol provided with the Prostaglandin 

E2 ELISA Kit-Monoclonal (504010 Cayman Chemicals, UK). Briefly, the media 

was diluted 100 times in ELISA Buffer and 50 µL of the diluted sample was added 

in triplicate to the 96 well-plate provided. A standard curve from 7.8 to 1000 pg/mL 

was generated prior to analysis where 50 µL of tracer and 50 µL of the PGE2 

antibody solution were added to each well. After 18 hours of incubation at 4°C, all 

wells were washed with the Wash Buffer and 200 μL of Ellman’s Reagent was 

added to all well. After 60 - 90 min of incubation at room temperature, the 

absorbance was quantified (Synergy HT, Biotek®, 405 nm). The PGE2 content per 

sample was normalised to the DNA content. 

3.2.4 Osteogenic differentiation 

To study osteogenic differentiation of the cells, Alkaline phosphate (ALP) activity 

and gene expression for early and late osteogenic markers (RUNX-2, COX-2 and 

OPN) were quantified, as described further below.  

Alkaline phosphatase activity: After mechanical stimulation, cells were incubated 

in 1 mL of standard media at 37°C and 5% CO2 for 2 h. Alkaline Phosphatase in 

the supernatant was quantified using a colorimetric assay of enzyme activity (FAST 

p-NPP Kit), which uses p-Nitrophenyl phosphate (pNPP) as a phosphatase substrate 

for the ALP enzyme. A standard curve from 0 to 80 nmol/well of pNPP was 

generated. 40 μL of the medium was added to a 96 well-plate in triplicate with 50 

μL of 5 mM pNPP solution and 40 μL of ddH2O. Absorbance was quantified at 405 

nm using spectrophotometer (Synergy HT, Biotek®). ALP activity (U/mL) was 

calculated and normalised to DNA content. 

Osteogenic Gene expression: Cells were washed with PBS twice 24 h after the 

application of OFF and then manually scraped in PBS. After centrifugation, the cell 

pellet was kept in RLT buffer (Qiagen, UK) and frozen in -80°C prior to processing. 
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Total RNA was extracted from all the cells with the RNeasy Mini kit (Qiagen, UK) 

according to the manufacturer’s protocol. RNA concentration and quality were 

assessed with a Spectrophotometer/Fluorometer (DS-11 FX, DeNovix, Mason, IR) 

as 260/280 ratio between 1.8- 2. cDNA was synthesized using the QuantiNova 

Reverse Transcription Kit (Qiagen, UK) and qRT-PCR was performed with a 

StepOnePlus machine (Applied Biosystems). For PCR reaction, the QuantiNova 

SYBR Green PCR Kit (Qiagen, UK) was used to quantify the gene expression of 

RUNX-2, COX-2 and OPN. Gene expression was analysed relative to the control 

(static) cells using GAPDH as reference gene. The Pfaffl method was used to 

analyse the qRT-PCR data, as described previously (Pfaffl, 2001). Primer 

sequences are shown in Table 3.1. 

Table 3.1. Primer sequences used for qRT-PCR 

3.2.5 Actin Cytoskeleton staining 

Since Rho-ROCK signalling regulates the normal cell physiology through 

cytoskeletal changes (Gardinier et al., 2014, Arnsdorf et al., 2009, Riento, 2003b), 

it is important to examine cytoskeletal re-arrangement in response to OFF during 

estrogen deficiency and ROCK-II inhibition. For this purpose, MC3T3-E1 cells 

were washed with PBS and fixed with 4% paraformaldehyde for 15 min at room 

temperature and stored at 4°C in PBS. Phalloidin-Tetramethyl Rhodamine B 

Primer Sequence 

Runt-related 

transcription 

factor 2 

(RUNX-2) 

Forward : CGCCCCTCCCTGAACTCT 

Reverse : TGCCTGCCTGGGATCTGTA 

Cyclooxygenase 

2 (COX-2) 

Forward: CTGGAACTGGAACATGGACTCACTCAGTTT 

Reverse: AGGCCTTTGCCACTGCTTGTA 

Osteopontin 

(OPN) 

Forward: GGCATTGCCTCCTCCCTC 

Reverse: GCAGGCTGTAAAGCTTCTCC 

Glyceraldehyde 

3-phosphate 

dehydrogenase 

(GAPDH) 

Forward: AGGTCGGTGTGAACGGATTT 

Reverse: GTGATGGGCTTCCCGTTGAT 
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Isothiocyanate (Phalloidin-TRITC; 0.5 μg/mL) was added for 10 min on cells. After 

washing with PBS, nuclei were labelled for 5 min with a DAPI solution (4′, 6-

Diamidino-2-phenyindole, 100 ng/mL in PBS). Slides were washed three times 

with PBS and mounted using Fluoroshield mounting media. Fluorescence (λex 540-

545 nm; λem 570-573 nm) was detected using confocal laser scanning microscopy 

(Olympus Fluoview 1000). Fibril anisotropy was analysed using ImageJ software 

(v 1.51f). The fluorescent channel for actin cytoskeleton was selected and fibril 

anisotropy was measured using the Fibril Tool plugin  in ImageJ (Boudaoud et al., 

2014), as described in a previous study (Deepak et al., 2017), where the degree of 

fibril parallelism with respect to each other was quantified on the scale of 0 (the 

least parallel; isotropic) to 1 (the most parallel; anisotropic). Briefly 10 regions of 

interest (ROI) were analysed from the central region of the cell and the peripheral 

region and cortical actin were not included in the analysis. Three confocal images 

per slide were analysed for their fibril anisotropy, reported on a scale of 0 to 1.  

3.2.6 Statistical Analysis 

Data are expressed as a mean ± standard error of the mean. Three independent 

experiments with two technical replicates (n=6) were conducted for biochemical 

assays (DNA, PGE2 and ALP) performed and two independent experiments with 

three technical replicates (n=6) were conducted for qRT-PCR (RUNX-2, COX-2 

and OPN) and cytoskeleton analysis (actin stress fibre anisotropy). Statistical 

analyses were conducted using GraphPad Prism 7 where data was confirmed to be 

normally distribution. A two-way ANOVA Multiple Comparisons Test was  carried 

out and p values from Bonferroni correction are reported, where significance was 

defined as p≤0.05.  

3.3  Results  

The metabolic activity in response to mechanical stimulation was examined during 

estrogen deficiency and ROCK-II inhibition, in terms of PGE2 release normalized 

to DNA content. Further investigations were conducted to examine osteogenic 

differentiation, whereby RUNX-2, COX-2 and OPN gene expression and ALP 

activity were quantified. The actin cytoskeleton was also examined to capture 

mechanobiological responses during estrogen deficiency and ROCK inhibition. 
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3.3.1 Mechanobiological responses of MC3T3-E1 cells under control 

conditions (no estrogen) 

To examine the mechanobiological responses by MC3T3-E1 cells, DNA content, 

PGE2 release, ALP activity, osteogenic gene expression (RUNX-2, COX-2 and 

OPN) and actin cytoskeleton anisotropy were quantified. DNA content was not 

significantly altered after the application of mechanical stimulation by oscillatory 

fluid flow (OFF) under control conditions (no estrogen) when compared to static 

control cells (Figure 3.1A). OFF enhanced PGE2 release (5.2 vs 2.5 pg/ng DNA; 

p<0.01, Figure 3.1B) but decreased the ALP activity of control cells (5.9 vs 6.9 

mU/µg DNA; p<0.01, Figure 3.1C). OFF lead to an upregulation of COX-2 

expression in control cells (2 fold; p<0.01, Figure 3.1F) but did not result in 

significant changes in expression of RUNX-2 (Figure 3.1D) or OPN (Figure 3.1E). 

There was no significant difference in fibril anisotropy due to the application of 

OFF (Figure 3.1G) and no direct effect of OFF on cytoskeletal re-arrangement was 

observed for control cells (Figure 3.1H). 

3.3.2 Estrogen regulates mechanobiological responses of MC3T3-E1 cells  

To confirm the role of estrogen for osteogenic differentiation and metabolic activity 

of osteoblasts during exposure to fluid flow induced shear stress, MC3T3-E1 cells 

were treated with 10 nm 17β-estradiol prior the application of OFF. Osteogenic 

differentiation and metabolic activity were assessed by comparing DNA content, 

PGE2 release, ALP activity, gene expressions (RUNX-2, COX-2 and OPN) and 

actin cytoskeleton anisotropy to that of control cells, which did not receive any 

estradiol. After 9 days of the estrogen treatment (E; 7 days of pre-treatment plus 2 

days of treatment), DNA content was increased for both static and OFF cells (Figure 

3.1A) when compared to cells cultured with standard growth media (Ctrl). Estrogen 

treatment decreased PGE2 release and ALP activity by OFF cells (1.6 vs 5.2 pg/ng 

DNA; p<0.01, Figure 3.1B; 1.5 vs 5.9 mU/µg DNA; p<0.01, Figure 3.1C) and also 

decreased ALP activity for cells cultured under static conditions (2 vs 6.9 mU/µg 

DNA; p<0.01; Figure 3.1C), when compared to the control. COX-2 expression was 

downregulated (0.4 vs 2 fold; p<0.01, Figure 3.1F) in OFF cells that received 

estrogen but there was no significant difference in expression of RUNX-2 (Figure 



                                                                                                  Chapter 3 

 

 

61 

 

3.1D) or OPN (Figure 3.1E). Under static conditions estrogen enhanced RUNX-2 

gene expression (4.9 vs 1 fold; p<0.01, Figure 3.1D) whereas OPN expression 

decreased (0.4 vs 1 fold; p=0.02, Figure 3.1E) and COX-2 gene expression was 

unaffected (Figure 3.1F). Estrogen treatment did not alter fibril anisotropy (Figure 

3.1G-H). 

OFF did not alter cell number (Figure 3.1A), PGE2 release (Figure 3.1B) or 

ALP activity (Figure 3.1C) for estrogen treated cells compared to their static 

counterparts. However, OFF downregulated RUNX-2 expression (2.6 vs 4.9 fold; 

p<0.01, Figure 3.1D) in estrogen treated cells but did not alter the expression of 

OPN (Figure 3.1E) or COX-2 (Figure 3.1F). Although the confocal microscopy 

images do not depict dramatic visual differences in cytoskeletal re-arrangement of 

stress fibres (Figure 3.1H), quantitative analysis showed that OFF increased the 

fibril anisotropy (p=0.04, Figure 3.1G) in estrogen treated cells. 
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Figure 3.1: Mechanobiological responses of MC3T3-E1 cells (n=6) cultured under 

control (Ctrl) and with estrogen (E) conditions. Oscillatory fluid flow (OFF) was 

applied for 1 h to generate a shear stress of 1 Pa on a monolayer of cells. (A) DNA 

content, (B) PGE2, (C) ALP Activity, (D-F) RUNX-2, OPN and COX-2, (G) Fibril 



                                                                                                  Chapter 3 

 

 

63 

 

Anisotropy (H) Representative confocal images actin cytoskeleton (green) and the 

nuclei (magenta). Error bars represent mean ± SEM. Scale bar represents 20 µm 

and the white arrow represents the OFF direction. 

3.3.3 During estrogen deficiency mechanobiological responses and osteogenic 

differentiation of MC3T3-E1 cells are altered 

The core objective of this research study was to investigate whether the 

mechanobiological responses of MC3T3-E1 cells are altered under estrogen 

deficiency, when compared to those with estrogen. For this purpose, the MC3T3-

E1 cells were accustomed to 10 nm 17β-estradiol for 7 days and were cultured in 

an estrogen deficient condition for further 2 days, during which time 17β-estradiol 

was discontinued. Mechanobiological responses by these estrogen deficient 

MC3T3-E1 cells were compared to cells that received 9 days of continuous estrogen 

supplementation. Estrogen deficiency (ED) did not affect cell number (DNA 

content) when compared to cells continuously cultured with estrogen under static 

or OFF conditions (Figure 3.2A). Estrogen deficiency increased PGE2 release under 

OFF conditions (3.73 vs 1.63 pg/ng DNA; p=0.04, Figure 3.2B) but did not alter 

ALP activity when compared to cells continuously cultured with estrogen (Figure 

3.2C). Estrogen deficiency upregulated RUNX-2 (13.5 vs 2.6 fold; p<0.01, Figure 

3.2D) and OPN (2.1 vs 0.4 fold; p<0.01, Figure 3.2E) expression under OFF 

conditions but did not significantly alter COX-2 (Figure 3.2F), when compared to 

estrogen treated cells. There was no significant difference in cytoskeletal re-

arrangement or fibril anisotropy (Figure 3.2G-H) of estrogen deficient cells 

compared to estrogen treated cells. 

OFF in estrogen deficient cells enhanced release of PGE2 (3.7 vs 0.7 pg/ng 

DNA; p<0.01, Figure 3.2B) and upregulated RUNX-2 (13.5 vs 4.4 fold; p<0.01, 

Figure 3.2D) and OPN (2.1 vs 0.5 fold; p<0.01, Figure 3.2E) expression but did not 

change the ALP activity (Figure 3.2C) or COX-2 expression (Figure 3.2F) relative 

to their static counterparts. The fibril anisotropy of the stress fibres was enhanced 

(p=0.01, Figure 3.2G). Hence, estrogen deficiency altered osteoblast 

mechanobiological responses through upregulation of PGE2 release, the expression 

of RUNX-2 and OPN, and exacerbating fibril anisotropy.  
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Figure 3.2: Mechanobiological responses of MC3T3-E1 cells (n=6) cultured with 

estrogen (E) and under estrogen (ED), where 17β-estradiol administration was 

discontinued for 2 days. Oscillatory fluid flow (OFF) was applied for 1 h to 

generate a shear stress of 1 Pa on cells in monolayer. (A) DNA content, (B) PGE2, 

(C) ALP Activity, (D-F) Gene expression of RUNX-2, OPN and COX-2, (G) Fibril 

Anisotropy and (H) Representative confocal images for the actin cytoskeleton 
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(green) and the nuclei (magenta). Error bars represent mean ± SEM. Scale bar 

represents 20 µm and the white arrow represents the OFF direction. 

3.3.4 ROCK-II inhibition suppresses alterations in mechanobiological 

responses due to estrogen deficiency   

Since Rho-ROCK signalling is involved in osteogenic differentiation and 

cytoskeletal responses to fluid flow, this study sought to examine whether ROCK-

II inhibition can revert the estrogen deficiency induced impaired mechanobiological 

responses. For this purpose, MC3T3-E1 were treated cells with 10 μM of Y27632, 

ROCK-II inhibitor, prior to the application of OFF. Next the mechanobiological 

responses by ROCK-II inhibitor treated cells were compared to those not treated 

with the inhibitor under estrogen deficiency. ROCK-II inhibition did not 

significantly alter cell number in estrogen deficient and mechanically stimulated 

cells (Figure 3.3A). ROCK-II inhibition significantly suppressed the release of 

PGE2 in estrogen deficient OFF cells (1.1 vs 3.7 fold; p<0.01, Figure 3.3B) and 

downregulated RUNX-2 and OPN expression (3.7 vs 13.5 fold, 0.6 vs 2.1 fold 

respectively; p<0.01, Figure 3.3D, E) but did not significantly affect ALP activity 

(Figure 3.3C) or COX-2 expression (Figure 3.3F). ROCK-II inhibition decreased 

the fibril anisotropy in mechanically stimulated and estrogen deficient cells 

(p<0.01; Figure 3.3G) but confocal microscopy images showed no dramatic 

differences in cytoskeletal re-arrangement (Figure 3.3H). Hence, ROCK-II 

inhibition suppressed the altered mechanobiological responses in estrogen deficient 

cells by attenuating changes in PGE2 release, the expression of RUNX-2 and OPN, 

and fibril anisotropy. 

 

 

 

 



                                                                                                  Chapter 3 

 

 

66 

 

 
 

Figure 3.3: Mechanobiological responses of estrogen (E) and estrogen deficient 

(ED) cells exposed to the ROCK-II inhibitor (+Y). MC3T3-E1 cells (n=6) were 

cultured with ROCK-II inhibitor (Y-27632, 10 µM, 1 h) and Oscillatory fluid flow 

(OFF) was applied for 1 h to generate a shear stress of 1 Pa on cells in monolayer. 

(A) DNA content, (B) PGE2, (C) ALP Activity, (D-F) RUNX-2, OPN and COX-2, 
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(G) Fibril Anisotropy and (H) Representative confocal images for the actin 

cytoskeleton (green) and the nuclei (magenta). Error bars represent mean ± SEM. 

Scale bar represents 20 µm and the white arrow represents the OFF direction for 

all the conditions. 

3.3.5 ROCK-II inhibition decreases fibril anisotropy as a mechanobiological 

response in control and estrogen cells 

In order to examine whether ROCK-II inhibition affects mechanobiological 

responses in control or estrogen groups, these groups were treated with 10 μM of 

Y27632, ROCK-II inhibitor, prior to the application of OFF and were compared to 

those which were not treated with the inhibitor. ROCK-II inhibition did not cause 

any changes in DNA content of control or estrogen treated cells in response to OFF. 

After ROCK-II inhibition the release of PGE2, ALP activity or gene expression 

were also not altered in control or estrogen treated cells. Interestingly, ROCK-II 

inhibition decreased the fibril anisotropy in control and estrogen treated cells 

(p<0.01, Figure 7.1 A). ROCK-II inhibition in cells under static conditions 

decreased ALP activity in control cells (p<0.01, Appendix Figure 7.2C) but there 

was no significant change in pre-treated estrogen cells (Appendix Figure 7.3).  

 

Figure 3.4: Mechanobiological responses of MC3T3-E1 cells (n=6) cultured under 

control (Ctrl) and with estrogen (E) conditions in response to ROCK-II inhibition. 

MC3T3-E1 cells were treated cultured with ROCK-II inhibitor (Y-27632, 10 µM, 1 
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h) and Oscillatory fluid flow (OFF) was applied for 1 h to generate a shear stress 

of 1 Pa onto the cells. All the groups were analysed for their (A) Fibril Anisotropy,  

(B) Representative confocal images for the different conditions representing the 

actin cytoskeleton (pseudo-coloured in green) and the nuclei (pseudo-coloured in 

magenta). Error bars represent mean ± SEM. Scale bar represents 20 µm and the 

white arrow the direction of the OFF for all the images. 

3.4  Discussion  

The results of this study show for the first time that during estrogen deficiency 

MC3T3-E1 cells exhibit altered mechanobiological responses such as PGE2 release 

and osteogenic gene expression (RUNX-2 and OPN), when compared to cells that 

continued to receive estrogen supplementation. Additionally, when Rho-Associated 

Coiled Kinase-II (ROCK-II) was inhibited these altered mechanobiological 

responses in estrogen deficient osteoblast-like cells were reverted. Moreover, 

estrogen pre-treated groups, (estrogen and estrogen deficient) exhibited increased 

fibril anisotropy in response to OFF and this effect of estrogen pre-treatment was 

decreased upon ROCK-II inhibition. 

There are several limitations to this study that must be addressed. Firstly, 

the experimental model incorporated a monolayer of MC3T3-E1 cells, which is not 

fully representative of osteoblasts in vivo. However, MC3T3-E1 monolayer studies 

have been widely used to understand osteogenesis and bone pathophysiology due 

to their ability to proliferate, differentiate and mineralize like primary osteoblasts 

(Sudo et al., 1983, Quarles et al., 1992). Secondly, oscillatory fluid flow was the 

only mode of mechanical stimulation investigated, but the regime (peak shear stress 

of 1 Pa) has been widely used for studying osteoblast mechanobiology as it 

stimulates changes in NO and PGE2 release that are known to occur in vivo (M 

Norvell et al., 2004, Ponik et al., 2007, Bakker et al., 2001, Wittkowske et al., 2016, 

McGarry et al., 2005). Thirdly, the estrogen deficiency model involved pre-

treatment with 17β-estradiol , after which the treatment was discontinued, whereas 

in vivo cells do not experience a complete depletion of estrogen in such a short 

timeframe. Nonetheless, results reported here reveal important differences between 

estrogen administered and estrogen deficient cells and thus provide an advanced 
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understanding of impaired mechanobiology of osteoblasts during estrogen 

deficiency. Fourthly, it was recognized that representative confocal microscopy 

images did not show any dramatic differences between the groups upon treatment 

with the ROCK inhibitor. However, the quantitative analysis of the cytoskeletal re-

arrangement of actin fibres did result in decreased anisotropy upon ROCK-II 

inhibition in groups which experienced fluid flow. Future studies are recommended 

to examine whether this effect of inhibitor in estrogen and estrogen deficient groups 

is dosage dependent or ROCK activity level dependent. Lastly, although gene 

expression levels of RUNX-2, COX-2 and OPN were only studied 24 h after OFF 

to capture long term responses, results did reveal significant changes in 

mechanobiological responses due to estrogen deficiency. Future studies may be 

designed to explore whether these estrogen deficiency induced responses are time 

dependent after the application of OFF. 

It has been well documented that osteoblasts respond to fluid shear stress 

through the modulation of actin stress fibres, altered calcium signalling, NO 

synthesis, ATP release, PGE2 synthesis and changes in osteogenic gene expression 

(Kapur et al., 2002, McAllister, 2000, Li et al., 2012, Nauman et al., 2001, Klein-

Nulend et al., 1996, Malone et al., 2007, Lee et al., 2014, Hoey et al., 2012a, Hoey 

et al., 2011, Wang et al., 2008, Wang et al., 2007, Litzenberger et al., 2010, 

Ziambaras et al., 1998, Rubin et al., 2006, Hoey et al., 2012b, Jacobs et al., 2010, 

Arnsdorf et al., 2009, Bonewald and Johnson, 2008). Osteoblasts increase their 

cellular stiffness upon application of fluid shear stress, which is associated with an 

increase in stress fibre density (Gardinier et al., 2014). The estrogen receptor ɑ 

modulates mechanotransduction in osteoblasts through the PKA/ERK and the 

Wnt/β-catenin pathways (Jessop et al., 2001). Estradiol treatment of human foetal 

osteoblasts was shown to decrease stress fibre density and lower cell stiffness 

(Muthukumaran et al., 2012). The response of osteoblast-like cells to estrogen 

depends on the estrogen receptor (ERα or ERβ) and the stage of differentiation, 

which both influence matrix mineralization (Waters Katrina et al., 2001). Hence, 

estrogen and mechanical stimulation both regulate the mechanobiology of 

osteoblasts by activating various biochemical signalling pathways and directly 

modulating the cellular stiffness by synchronizing stress fibre development. The 

study reported here demonstrates that estrogen treatment lead to higher DNA 
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content, lower PGE2 release and less developed stress fibres and altered osteogenic 

gene expression, which are in keeping with previous studies (Muthukumaran et al., 

2012, Majeska et al., 1994, McCarthy et al., 2003, Liedert et al., 2010, Yang et al., 

2011). However, contrary to these studies, ALP activity, COX-2 and OPN 

expression in estrogen treated cells were lower following estrogen treatment than 

in control cells. These differences might be explained by the duration of the studies; 

previous studies were conducted for up to 3 days of estrogen supplementation, 

whereas study here was conducted after 9 days of estrogen treatment, at which time 

the estrogen treated cells had become more confluent (with approximately twice the 

DNA content than control cells). Thus, these cells might not be exposed to the same 

shear stress as the less-confluent control cells. Indeed, it has been shown that 

confluent osteoblasts are stiffer than non-confluent cells (Jaasma et al., 2006), and 

this might explain the lower levels of PGE2 release, ALP activity and actin 

cytoskeleton reorganisation under estrogen treatment in this study, as a stiffer cell 

would not experience as much deformation under flow.  

A previous study reported that the ALP activity of primary human 

osteoblasts from osteoporotic (43 to 72 years of age) and non-osteoporotic (7 to 77 

years of age) donors do not differ (Sterck et al., 1998), whereas an in vitro study 

had shown that ALP activity and mineralization of 14 day estrogen treated MC3T3-

E1 cells is increased  after 1, 4 and 14 days of estrogen deficiency without 

mechanical stimulation (Brennan, 2014). However, the model of estrogen 

deficiency reported in this study does not show an effect on ALP activity but it does 

indicate that estrogen pre-treatment (for 9 days) led to differences in differentiation 

stages of the pre-osteoblasts in comparison to those cells which were never treated 

with estrogen. It is important to note that ALP is a transient marker of osteogenesis, 

whereby immature osteoblasts initially upregulate ALP as they differentiate into 

mature osteoblasts, but thereafter decrease ALP production when they differentiate 

into osteocytes (Mikuni‐Takagaki et al., 1995). Therefore, the ALP results might 

be explained by differences in stages of osteogenic differentiation for control and 

estrogen treated cells.  

Prostaglandins synthesis and COX-2 expression increase in osteoblasts and 

osteocytes after exposure to mechanical stimulation (Wadhwa et al., 2002). It has 
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previously been shown that administration of prostaglandin E2 (PGE2) increased 

markers of osteoclastogenesis (RANKL, TRAP) in bone marrow cells derived from 

ovariectomized (OVX) mice compared to sham-operated mice (Kanematsu et al., 

2000), and thus PGE2 production by osteoblasts might play an important role in 

regulating bone loss. Osteoblasts derived from human osteoporotic donors released 

lower PGE2 in response to pulsatile fluid flow (0.7 ± 0.03 Pa, 5 Hz, 1 h) when 

compared to cells derived from non-osteoporotic donors (Sterck et al., 1998). In a 

study of OVX rats exposed to estradiol, parietal bones released higher amounts of 

PGE2 into the medium after 24 hours of culture than those from Sham controls 

(Feyen and Raisz, 1987). Together, these previous studies indicate that PGE2 

release and mechanobiology may be altered differently during the different stages 

of osteoporosis. However, whether these changes were a direct result of the 

circulating estrogen levels was unknown. In this study, the increased levels of PGE2 

in estrogen-deficient osteoblasts after mechanical stimulation indicate higher 

mechanoresponse of these cells as a direct consequence of estrogen depletion. 

Moreover, the upregulation of RUNX-2, an early marker of osteogenic lineage 

differentiation, upon mechanical stimulation reflects the altered phenotype of the 

cells and their more mechanoresponsive nature following a period of estrogen 

deficiency.  

OPN plays an important role during mineralisation of bone matrix and OPN 

expression in MC3T3-E1 cells increases in response to OFF (2 Pa, 1 Hz, 2 h) (You 

et al., 2001a). In this study, OFF on estrogen cells did not change the gene 

expression of OPN, whereas OPN was upregulated by applying OFF to estrogen 

deficient cells. These findings suggest that estrogen deficiency may ultimately alter 

the mineralization capacity of these cells in the longer term, but mineralisation was 

not directly measured here as the focus was on the early mechanobiological 

responses. Nonetheless, these findings provide an important insight and provide one 

possible explanation for the altered mineralisation that has been reported in bone 

from ovariectomised animals (Boyde et al., 1998, Brennan, 2014), which might 

play an important role in the increased risks of fracture. Interestingly, it has been 

reported that OPN deficient mice are resistant to bone loss after an ovariectomy 

(Yoshitake et al., 1999), and thus changes in OPN expression, such as those 

reported in this study, might also play a role in regulating the interaction between 



                                                                                                  Chapter 3 

 

 

72 

 

osteoblasts and osteoclasts. Although, OPN is a marker during later stages of 

differentiation of the osteoblasts, altered differentiation stages as indicated by 

RUNX-2 and ALP activity might explain the changes seen in OPN expression after 

estrogen treatment.  

It is shown here that the hyper mechanoresponsiveness of estrogen deficient 

cells is suppressed upon inhibition of ROCK-II, thus indicating that the actin 

cytoskeleton and the Wnt-PCP pathway may regulate mechanotransduction in 

estrogen deficient osteoblasts. Cytoskeleton changes in response to estrogen or 

estrogen deficiency were necessary to study the direct effect of ROCK inhibition 

because Rho-ROCK signalling is known to modulate the osteogenic differentiation 

through changes in cytoskeleton (Arnsdorf et al., 2009). Study reported here shows 

that OFF enhances stress fibre anisotropy whereas ROCK-II inhibition with OFF 

decreases it, indicating the role of ROCK-II in regulating stress fibre anisotropy in 

response to OFF. Hence, an effect of ROCK and OFF, in altering the stress fibre 

development, was evident.  

Current treatments for osteoporosis induced by an estrogen deficiency 

include hormone replacement therapy (Christiansen, 1996) and bisphosphonate 

drugs (McCombs, 2004), but these treatments only reduce the fracture susceptibility 

to a certain extent (~50% reduction) (McNamara, 2010), and 50% of sufferers on 

treatment experience disability and 75% never regain good health. Recent studies 

have investigated therapies that target biochemical secretion of 

mechanotransduction proteins such as sclerostin, which inhibit bone formation 

(Poole et al., 2005) through antagonizing the canonical Wnt/β-catenin signalling 

pathway (Lin et al., 2009). Clinical trials with Romozosumab, a sclerostin antibody, 

showed a positive effect in reducing fracture risk up to 42% compared to placebo 

but over a treatment of 12 months period (Cosman et al., 2016). Here, Y-27632, a 

ROCK-II inhibitor, was explored as an agent of interest for the treatment of 

osteoporosis to specifically target the altered mechanobiological responses of 

osteoblasts during estrogen deficiency and showed that ROCK-II inhibition may 

have therapeutic potential for the prevention of altered gene expression and 

biochemical secretions by osteoblasts during early estrogen deficiency that lead to 

osteoporosis. 
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3.5 Conclusion 

In conclusion, this study shows for the first time that osteoblasts may become more 

mechanoresponsive during early estrogen hormonal deficiency and that this 

influences their biochemical metabolism and differentiation. For the first time, it is 

demonstrated here that ROCK-II inhibition may have the potential to suppress these 

effects. 
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4 Chapter 4: Alterations in osteocyte 
mediated osteoclastogenesis 
during estrogen deficiency and 
under ROCK-II inhibition: an in 
vitro study using a novel 
postmenopausal multicellular 
niche model 

 

4.1 Introduction 

Osteoporosis is a debilitating bone disease, in which severe bone loss occurs leading 

to bone fracture. The disease is most commonly manifested in women following the 

menopause when estrogen production is deficient (Melton et al., 2005). It is widely 

known that reduced levels of circulating estrogen during postmenopausal osteoporosis 

are directly associated with increases in osteoclast resorption leading to bone loss 

characteristic of osteoporosis and increases the prevalence of fracture (Riggs et al., 

1998, Riggs and Melton Iii, 1995, Manolagas, 2000, Pacifici, 1996).  For this reason, 

conventional drugs (bisphosphonates) target the activity of bone resorbing osteoclasts 

(Christiansen, 1996, McCombs, 2004, Randell et al., 2002), but these only reduce 

fracture susceptibility by ~50% (McNamara, 2010). Emerging anabolic therapies 

(Parathyroid Hormone, Romozosumab) inhibit osteoblasts apoptosis or target the 

sclerostin molecule expressed in late osteocytes to activate canonical Wnt/β-catenin 

signalling (Lin et al., 2009) and thereby encourage bone formation to reduce fracture 

risk (Suen and Qin, 2016, Canalis et al., 2007, Kraenzlin and Meier, 2011, Cosman et 

al., 2016, Li et al., 2009, Zhang et al., 2016, Li et al., 2014, Recker et al., 2015, Li et 

al., 2011b, McClung, 2017, Holdsworth et al., 2019, Holdsworth et al., 2018, Ominsky 

et al., 2017b, Ominsky et al., 2017a, Lovato and Lewiecki, 2017, Chavassieux et al., 

2017, McClung et al., 2014). However, anabolic effects are transient, and so the 
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duration of such therapies are limited (Nioi et al., 2015, Ominsky et al., 2017a, 

Ominsky et al., 2015, Boyce et al., 2017, McClung, 2017). If understanding of the 

underlying mechanisms and treatments for osteoporosis is not advanced, its impact 

will continue on the projected trend where the worldwide economic burden is 

projected to reach $132 billion by 2050 (Reginster and Burlet, 2006).   

It is widely known that estrogen enhances the osteogenic response of 

osteoblasts and osteocytes to mechanical stress (Bakker et al., 2005, Galea et al., 

2013a, Yeh et al., 2010, Plotkin et al., 2005, Ren et al., 2013, Marathe et al., 2012, Jia 

et al., 2017, Castillo et al., 2014, Bord et al., 2003, Zaman et al., 2006, Klein-Nulend 

et al., 2015) and protects against cell death by apoptosis (Marathe et al., 2012, Plotkin 

et al., 2005). However, the influence of hormonal reduction in estrogen, arising at the 

onset of postmenopausal osteoporosis, on osteocytes and osteoblasts is less well 

understood. Recently an in vitro model of postmenopausal estrogen deficiency was 

developed where estrogen treatment was halted for cells that had become accustomed 

to estrogen, or were treated with Fulvestrant, an estrogen receptor antagonist, to inhibit 

the effects of estradiol treatment (Brennan, 2014, Brennan et al., 2012 , Brennan et al., 

2012a). Using these postmenopausal models, studies have discovered alterations in 

the responses of osteoblasts and osteocytes to mechanical stimulation (calcium 

signalling, nitric oxide, PGE2, osteogenic gene and protein expression) (Brennan, 

2014, Brennan et al., 2012 , Brennan et al., 2012a, Geoghegan et al., 2019a, Deepak 

et al., 2017). Particularly, these studies show that in the absence of estrogen, osteocytes 

exhibit an impaired response to mechanical stimulation, which is demonstrated by a 

reduction in intracellular calcium and levels of secondary messenger (nitric oxide and 

prostaglandin E2) release (Deepak et al., 2017). Moreover, osteogenic gene expression 

and F-actin fibre formation are reduced, and integrin-based mechanosensors are 

altered in bone tissue of osteoporotic animals and in bone cells cultured under post-

menopausal conditions in vitro (Geoghegan et al., 2019a).  

The Rho-ROCK pathway governs cytoskeletal organisation and cell fate 

determination through signal transduction in response to mechanical stimulation 

(Gardinier et al., 2014, Arnsdorf et al., 2009). RhoA activates Wnt signalling, which 

plays an important role in osteogenic lineage commitment. Rho Associated Coiled 
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Kinase (ROCK) is a key protein that governs the actin cytoskeleton (Arnsdorf et al., 

2009, Gardinier et al., 2014) and thereby regulates the responses of biological cells to 

mechanical stimuli (Hoon et al., 2016). Thus, ROCK may be a putative target to revert 

changes in the actin cytoskeleton and impaired responses to mechanical loading by 

osteocytes arising during estrogen deficiency, but this has never been investigated.  

Osteocytes respond to mechanical stimulation by altering their release of 

biochemicals and proteins that regulate osteoclast and osteoblast activity (Robling et 

al., 2008, Delgado-Calle et al., 2017, Baron and Kneissel, 2013, Wijenayaka et al., 

2011, Poole et al., 2005, Tu et al., 2012, Kramer et al., 2010, Lewiecki, 2011), 

including Sclerostin, Receptor activator of nuclear factor kB ligand (RANKL), 

Osteoprotegerin (OPG) and Macrophage-Colony Stimulating Factor (M-CSF). These 

paracrine factors can regulate osteoclast formation from monocyte precursors (You et 

al., 2008). RANKL and M-CSF promote osteoclast differentiation and activity 

(Madsen et al., 2011, Boyle et al., 2003, Galvin et al., 1999) whereas OPG is the 

negative regulator of osteoclast differentiation and activity (Simonet et al., 1997, 

Lacey et al., 1998). Osteocyte-like MLO-Y4 cells promote osteoclast formation by 

increasing surface bound RANKL and secreting M-CSF (Zhao et al., 2002, Xiong et 

al., 2011). Differentiated osteoblasts also regulate osteoclast differentiation through 

Wnt / β-catenin pathway that inhibits the levels of OPG (Hill et al., 2005, Hu et al., 

2005, Glass et al., 2005). Moreover, WNT/β-catenin signalling regulates production 

of RANKL, M-CSF and OPG in osteocytes. Therefore, it might be expected that 

impaired mechanobiological responses of osteocytes to mechanical stimulation would 

result in altered osteocyte-mediated osteoclastogenesis, but this has never been 

investigated.  

Osteocytes, osteoblasts and osteoclasts depend on biochemical signals from 

each other, and these signal exchanges take place both paracrinally and via the 

extensive osteocyte lacunar-canalicular network. These networks are composed of 

long dendritic processes that contain functional gap junctions connecting osteocytes 

and osteoblasts (Doty, 1981), to transmit signals generated in response to mechanical 

stimulation (Cheng et al., 2001, Alford et al., 2003, Birmingham et al., 2012) and 

hence, facilitate cross-communication amongst bone cells. Osteoblasts and osteoclast 
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activity is commonly coupled within the basic multicellular niche (BMU; Figure 4.1) 

and both interact during various phases of bone remodelling (Matsuo and Irie, 2008). 

Both osteoblasts and osteocytes can govern osteoclast activity. Several studies have 

shown that osteoblasts regulate osteoclast differentiation by modulating the levels of 

RANKL and OPG, where an increase in RANKL enhances osteoclast differentiation 

and an increase in OPG decreases osteoclast differentiation (Kim et al., 2006, Matsuo 

and Irie, 2008, Allison and McNamara, 2019). Thus, a representative model of the in 

vivo multicellular niche must include osteoblasts to study osteoclastogenesis. 

However, in vitro studies of bone mechanobiology and pathophysiology commonly 

investigate osteocytes, osteoblasts or osteoclasts in isolation, or implement 

conditioned media approaches alone to study cell-cell communication. But this 

presents a problem: the synergistic interaction between osteocytes and osteoblasts in 

biochemical signalling to osteoclasts is often neglected. The importance of osteocyte 

and osteoblast cell-cell signalling has been demonstrated for osteogenic differentiation 

of MSCs in vitro, whereby the physical presence of osteocytes and osteoblasts 

continually producing biochemicals is more potent than conditioned media, which 

only supplies intermittent exposure to regulatory biochemicals (Birmingham et al., 

2012). Hence, to more closely mimic the physiological environment of bone cells in 

vivo, advanced in vitro models are required that can enable the study of the interactions 

between osteocytes, osteoblasts and osteoclasts in the same niche under mechanical 

stimulation. Although osteocyte mechanosensation, osteoblast bone formation and 

osteoclast bone resorption all depend on biochemical signals from each other and are 

intricately linked to the mechanical environment, how these responses are altered 

during estrogen deficiency remains unknown. Specifically, how osteocytes mediate 

osteoclastogenesis during estrogen deficiency has yet to be established.  

Here a simple in vitro multicellular niche that can recapitulate paracrine cell-cell 

signalling between osteocytes (MLO-Y4), osteoblasts (MC3T3-E1) and osteoclasts 

(RAW264.7) is developed, to specifically study biochemical effects of conditioned 

medium from mechanically stimulated osteocytes. This niche is applied to (1) 

investigate how estrogen deficient osteocytes regulate osteoclastogenesis in the 

presence of osteoblasts and (2) determine whether ROCK-II inhibition can modulate 

osteocyte mediated osteoclastogenesis during early estrogen deficiency. 
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4.2 Materials and methods 

4.2.1 An in vitro multicellular niche for studying paracrine signalling from 

mechanically stimulated osteocytes on osteoclastogenesis 

An in vitro multicellular niche, comprising of osteocytes (MLO-Y4), osteoclasts 

(RAW264.7) and osteoblasts (MC3T3-E1) was established to allow to study paracrine 

signalling during estrogen deficiency from mechanically stimulated osteocytes, in the 

presence of the synergistic effects of osteoblasts, on osteoclastogenesis.  

For this purpose, RAW264.7 cells (ATCC; Manassas, VA) were seeded in 24 

well plates at 15,000 cells/well and MC3T3-E1 cells (ATCC; Manassas, VA) at 3,300 

cells/insert on polycarbonate membrane inserts above the wells were co-cultured with 

RAW264.7 cells. MC3T3-E1 cells were cultured in ɑ-Minimum Essential Medium 

Eagle (ɑMEM) supplemented with 10% Foetal Bovine Serum (FBS), 2 mM L-

glutamine, 100 U/mL Penicillin and 100 μg/mL Streptomycin) on the polycarbonate 

membranes. RAW264.7 cells were cultured in low glucose DMEM with 10 % 

Hyclone FBS, 2 mM L-glutamine, 100 U/mL Penicillin and 100 μg/mL Streptomycin 

and were stimulated to undergo osteoclastogenesis with RANKL (15 ng/ml). All 

consumables/products used were purchased from Sigma, Ireland, unless otherwise 

stated. 

Murine osteocyte-like, MLO-Y4, cells were cultured on collagen type 1 coated 

flasks in ɑMEM supplemented with 2.5 % FBS, 2.5 % Calf Serum, 2 mM L-glutamine, 

100 U/mL Penicillin and 100 μg/mL Streptomycin. To apply mechanical loading to 

MLO-Y4 cells, oscillatory fluid flow (OFF) was applied using a custom-designed 

parallel plate chamber system connected to a NE-1600 Syringe Pump (New Era Pump 

Systems, USA) and a 50 mL syringe (BD) to induce the OFF, as described previously 

(Haugh et al., 2015, Deepak et al., 2017, Geoghegan et al., 2019a) as in Figure 4.1B. 

Using this system, cells were exposed to laminar oscillatory fluid flow at a frequency 

of 0.5 Hz, peak flow rate of 9.2 mL/min at peak shear stress of 1 Pa (10 dynes/cm2), 

which is within predicted physiological ranges of shear stress experienced within 
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osteocyte lacunae of 6-30 dynes/cm2 (You et al., 2004, Verbruggen et al., 2012, 

Weinbaum et al., 1994, Li et al., 2012) .   

For the relevant experiments described below, mechanical stimulation was 

applied to MLO-Y4 cells and their conditioned media was then collected and at 50% 

concentration, supplemented to RAW264.7 and to MC3T3-E1 cells co-cultured in the 

same niche for 5 days, enabling the continuous production of paracrine factors by each 

cell type to be present in the model, see Figure 4.1.  
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Figure 4.1: (A) Development of a multicellular niche: in a 24 well-plate (J), MC3T3-

E1 osteoblastic cells (M; on inserts made of polycarbonate membrane) and RAW264.7 

pre-osteoclast cells (L; on well surface) were cultured together in the presence of 

RANKL (15 ng/ml) to stimulate osteoclast differentiation, and receiving the 

conditioned medium from MLO-Y4 osteocyte-like cells. (B) MLO-Y4 cells were 

exposed to Oscillatory Fluid Flow, OFF, (1 h, 0.5 Hz, 1 Pa) using 6-syringe pump (A-

Pump, B-syringe, C-inlet tube, D-parallel plate chamber with cells adhered to a glass 

slide, E-outlet tube, F-filter, G-outlet reservoir with medium) as described elsewhere 

(Haugh et al., 2015). MLO-Y4 cells were incubated for 24 hours (H) after OFF to 
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obtain conditioned medium (I). (C) MLO-Y4 cells were cultured with 10 nM 17β-

estradiol for 7 days while control cells were never treated with 17β-estradiol but were 

cultured under static (CS) and flow (C) conditions. After 7 days, estradiol treated cells 

were divided into two groups; where estradiol treatment was continued (E) and 

discontinued for further 2 days (ED). E and ED groups were both cultured without 

and with ROCK inhibitor, Y27632, (+Y) for 1 h before OFF. After the application of 

OFF, all the groups were incubated for 24 hr to retrieve the supernatant for 

conditioned media experiments. 

4.2.2 Estrogen pre-treatment to mimic pre-menopausal conditions 

Estrogen is important for normal bone cell function, yet in vitro studies of MLO-Y4 

osteocyte biology commonly use α-MEM culture media without the addition of 

estrogen. Thus, to more closely mimic the physiological environment of osteocytes in 

vivo, the effect of supplementing MLO-Y4 culture media with pre-menopausal levels 

of estrogen (10 nM) was first investigated, to specifically understand how this would 

influence osteocyte-mediated osteoclastogenic factors. For this purpose, MLO-Y4 

cells were pre-treated with 10 nM 17β-estradiol (E) for 7 days as a pre-treatment and 

Control (C) cells were cultured without estradiol treatment, as shown in Figure 4.1C. 

Cell culture media was replenished every 2-3 days and cells were maintained at 37°C 

in a humidified environment with 5% CO2. After the estrogen pre-treatment, 

mechanical stimulation was applied to MLO-Y4 cells and their conditioned media was 

collected 24 hours after the application of OFF. Conditioned medium was then 

supplemented to RAW264.7 and to MC3T3-E1 cells in co-culture for 5 days. 

Paracrine signalling (of RANKL) was also assessed by ELISA immunoassay 

conducted on supernatant obtained 24 hours after the application of OFF. Osteocyte-

mediated osteoclastogenesis of RAW264.7 cells were assessed by analysing the 

percentage of surface area covered by the TRAP+ osteoclasts (described in detail 

below). 
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4.2.3 In vitro post-menopausal model of estrogen deficient osteocytes 

The main objective was to understand how estrogen deficiency influenced osteocyte-

mediated osteoclast differentiation under mechanical loading conditions. For this 

purpose, a post-menopausal regime based on previous studies was implemented 

(Brennan, 2014, Deepak et al., 2017, Geoghegan et al., 2019a). Briefly estrogen pre-

treated MLO-Y4 cells (as described above) were seeded at 11,000 cells per cm2 on 76 

mm x 26 mm glass slides, after which estrogen administration was discontinued (after 

7 days of pre-treatment with estrogen) for a further 2 days of cell culture, to mimic the 

onset of estrogen deficiency (ED) in postmenopausal osteoporosis, as shown in Figure 

4.1C. Continued estrogen (17β-estradiol ) supplemented media groups were also 

cultured for the same durations for comparison with ED groups. After the estrogen 

deficient period, mechanical stimulation was applied to MLO-Y4 cells and their 

conditioned media was collected 24 hours after the application of OFF and 

supplemented to RAW264.7 and to MC3T3-E1 cells in co-culture for 5 days. The 

effects of estrogen deficiency on mechanically stimulated MLO-Y4 cells were 

investigated by studying paracrine factors known to govern osteoclast differentiation 

through RT-PCR (RANKL, OPG and M-CSF) and immunoassay ELISA (RANKL). 

How these factors affected differentiation of RAW264.7 cells was also examined 

through RT-PCR (CTSK, NFATC1 and TRAP), biochemical assay (TRAP Activity) 

and osteoclast formation from histology images (quantified by percentage of area 

covered by TRAP+ stained osteoclasts).  

4.2.4 ROCK-II inhibition in pre-menopausal and post-menopausal conditions 

To understand whether the Rho-ROCK pathway played a role in the altered osteocyte-

induced osteoclastogenesis during estrogen deficiency, ROCK-II was inhibited in 

osteocytes and the effects of this inhibition on osteocyte induced osteoclastogenesis 

were examined. After 2 days of culture under the respective experimental conditions 

(E, ED), MLO-Y4 cells were next either cultured in (1) standard growth media 

(without estradiol) or (2) standard growth media supplemented with the ROCK-II 

inhibitor (Y27632) at 10 μM for 60 min, as shown in Figure 4.1C, and then washed 

with Dulbecco’s Phosphate Buffered Saline. Group of cells exposed to the ROCK-II 
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inhibitor, Y27632, are referred to hereafter as ‘+Y’. The effects of ROCK-II inhibition 

on osteocytes’ release of paracrine factors through RT-PCR (RANKL, OPG and M-

CSF) and immunoassay ELISA (RANKL) were investigated. The effects of such 

changes on osteocyte-mediated osteoclastogenesis were also examined through RT-

PCR (CTSK, NFATC1and TRAP), biochemical assay (TRAP Activity) and histology 

images (TRAP+ stained osteoclasts).  

4.2.5 ELISA immunoassay on RANKL release by osteocytes 

To investigate the release of osteoclast factors by osteocytes, the osteocyte supernatant 

was investigated 24 h after OFF was applied. The RANKL ELISA kit (R&D Systems, 

USA) was used according to the manufacturer’s protocol. Briefly, the well plate was 

coated with RANKL capture antibody overnight. To generate a standard curve, 

RANKL standard was diluted in blocking buffer. The well plate was incubated with 

RANKL standards and supernatant samples were incubated for 3 hours, followed by 

2 hours incubation with detection antibody. Substrate solution was added to the well 

plate and incubated for 20 minutes followed by addition of stop solution. Optical 

density of each sample and standard was measured at 450 nm. 

4.2.6 Quantitative real Time RT-PCR of osteocytes and osteoclasts  

Cells were washed with PBS and manually scraped in PBS. After centrifugation, the 

cell pellet was stored in RLT buffer and RNeasy Mini kit (Qiagen, UK) was followed 

for RNA isolation. cDNA was synthesized using the QuantiNova Reverse 

Transcription Kit (Qiagen, UK) and QuantiNova SYBR Green PCR Kit (Qiagen, UK) 

was used to conduct qRT-PCR on StepOne Plus machine (Applied Biosystems). Gene 

expression by osteocytes associated with their paracrine regulation of 

osteoclastogenesis was analysed by quantifying the expression of RANKL, M-CSF 

and OPG. Osteoclast activity was quantified by the expression of CTSK, NFATC1 

and TRAP genes in RAW264.7 cells. Primer sequences used are shown in Table 4.1. 
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Table 4.1: Primer sequences used in quantitative real time RT-PCR 

Primer Sequence 

Receptor 

activator of 

nuclear factor 

kappa-Β ligand 

(RANKL) 

CCCATCGGGTTCCCATAAAG 

AGCAAATGTTGGCGTACAGG 

Osteoprotegerin 

(OPG) 

GCCACGCAAAAGTGTGGAAT   

TTTGGTCCCAGGCAAACTGT 

Macrophage 

colony-

stimulating 

factor (M-CSF) 

CCCATATTGCGACACCGAA 

AAGCAGTAACTGAGCAACGGG 

Ribosomal 

protein L13a 

(RPL13a) 

TACCAGAAAGTTTGCTTACCTGGG 

TGCCTGTTTCCGTAACCTCAAG 

Cathepsin K  

(CTSK) 

TCTTCACTGGTCATGTCTCCC 

TGGATGAAATCTCTCGGCGTT 

Nuclear Factor 

of Activated T 

Cells 1 

(NFATC1) 

AGGGTCGAGGTGACACTAGG 

GAGCGGAGAAACTTTGCGG 

Tartrate-

resistant acid 

phosphatase 

(TRAP) 

CAGATCCATAGTGAAACCGCAAG 

TTCAGGACGAGAACGGTGTG 

Glyceraldehyde 

3-phosphate 

dehydrogenase 

(GAPDH) 

AGGTCGGTGTGAACGGATTT 

GTGATGGGCTTCCCGTTGAT 

4.2.7 TRAP activity and TRAP staining of osteoclasts  

Osteoclast differentiation of RAW264.7 cells was measured by TRAP staining and 

osteoclast activity was assessed by conducting a TRAP activity assay on the 

supernatant collected from RAW264.7 cells according to recently used protocols 
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(Allison and McNamara, 2019). Briefly, after 5 days of culture of RAW264.7 cells 

with MC3T3-E1 cells and MLO-Y4 conditioned medium. Supernatant was collected 

and substrate solution was prepared using pNPP, Sodium Acetate, Tartrate and de-

ionised water and was incubated with the supernatant in 96 well plate at 37 degrees 

for 60 minutes. 3 M Sodium Hydroxide was used to stop the TRAP enzymatic activity 

and absorbance was read at 405 nm. RAW264.7 cells were fixed with 4 % 

paraformaldehyde and incubated with TRAP stain solution prepared as per 

manufacturer’s protocol (Sigma-Aldrich), in Acid Phosphatase, Leukocyte (TRAP) 

Kit. TRAP+ and multinucleated cells (≤3 nuclei) were considered as osteoclasts. Using 

ImageJ 1.51d, polygon was used to contour the outline of the TRAP+ osteoclasts, 

which were defined as cells that stained blue with 3 or more nuclei. The percentage of 

surface area covered by TRAP+ osteoclasts was quantified. 

4.2.8 Statistical Analysis 

Data is represented as mean ± standard error mean in bar charts. For flow experiments, 

statistical analysis was performed on immunoassay and RT-PCR data from osteocytes 

using unpaired t-tests in GraphPad Prism 8, where p≤0.05 was defined statistically 

different between two groups. For osteoclast differentiation and activity analysis, 

unpaired t-tests were conducted where p≤0.05 was defined as having statistically 

significant difference between two groups. Each flow experiment was conducted two 

times with two technical replicates (n=4). Each osteoclast-osteoblast experiment was 

conducted two times with four technical replicates under both estrogen as well as 

under estrogen deficient conditions (n=8). Each osteoclast-osteoblast experiment was 

conducted two times with three technical replicates under control conditions (n=6). 

4.3 Results 

4.3.1 Estrogen supplementation decreases RANKL release by osteocytes and 

reduces osteocyte-mediated osteoclastogenic differentiation of osteoclast 

precursors 

Osteocytes supplemented with estrogen under mechanical stimulation (E) suppressed 

RANKL release by MLO-Y4 cells when compared to control conditions (C) (Figure 



                                                                                            Chapter 4 

 

 

86 

 

 

4.2A; 2.5 pg/ml vs 17.11 pg/ml). Conditioned medium from C and E groups of MLO-

Y4 cells was given to RAW264.7 cells in culture with MC3T3-E1 cells. It was found 

that the percentage of area covered by TRAP+ osteoclasts was decreased in the E group 

relative to the control flow group (Figure 4.2B,; 19.4 vs 23.4 percent). TRAP+ 

osteoclast images, as shown in Figure 4.2C, show few and smaller sized osteoclasts 

when RAW264.7 cells were given E conditioned medium than those supplemented 

with C conditioned medium or no conditioned medium (RAW264.7).  

 

Figure 4.2: Osteoclastogenesis by MLO-Y4 cells (n=4) cultured under Control (C) 

conditions or with 10 nM Estrogen (E); Oscillatory Fluid Flow (OFF) was applied 

exposing MLO-Y4 cells to peak shear stress of 1 Pa at 0.5 Hz for 1 h. (A) RANKL 
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released into the osteocyte medium comparing the effect of estrogen under flow 

conditions; (B) Percentage of area covered by osteoclasts and (C) TRAP+ osteoclast 

images when RAW264.7 cells are cultured alone or with conditioned medium from C 

osteocytes (n=6)  or with conditioned medium from E osteocytes (n=8). Bar charts 

represent mean ± SEM. Scale bar represents 10 μM.  

4.3.2 Estrogen deficiency and mechanical stimulation alter osteocyte mediated 

osteoclastogenesis  

During estrogen deficiency, estrogen deficient osteocytes (ED) exhibited higher 

RANKL release into the medium than in E osteocytes (Figure 4.3A; 11.8 pg/ml vs 2.5 

pg/ml). Likewise, ED osteocytes upregulated gene expression of RANKL (Figure 

4.3B; 4.4 fold vs 1.1 fold) but no significant differences were seen in OPG gene 

expression (Figure 4.3C) when compared to E osteocytes. However, this resulted in 

higher RANKL/OPG ratio in ED osteocytes than E osteocytes (Figure 4.3D; 5.5 fold 

vs 1.8 fold).  The gene expression of M-CSF was also altered such that ED osteocytes 

exhibited higher levels than E osteocytes (Figure 4.3E; 3.9 fold vs 1.1 fold)  

Interestingly, gene expression of CTSK in osteoclasts was downregulated 

when cultured with ED conditioned media when compared to those cultured with E 

conditioned media (Figure 4.3F; 0.7 fold vs 1.2 fold). However, no significant effect 

of estrogen deficiency was seen in NFATC1 or TRAP genes by osteoclasts (Figure 

4.3G -H). Similarly no significant effect of estrogen deficiency was seen in TRAP 

activity (Figure 4.3I) but an increasing trend was seen in TRAP+ osteoclasts 

(quantified by percentage area covered by osteoclasts) such that those treated with 

conditioned media from the ED showed higher percentage area covered than those 

with conditioned medium from E groups (Figure 4.3J; 24 vs 19.4 percentage; p=0.06). 

TRAP+ images are shown in Figure 4.3K. While estrogen deficient MLO-Y4 

osteocytes exhibited increase in factors regulating osteoclastogenesis (RANKL and 

M-CSF), treatment of RAW264.7 cells with corresponding conditioned medium 

showed differences in CTSK expression and TRAP+ osteoclasts only.  
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Figure 4.3: Osteoclastogenesis by MLO-Y4 cells (n=4) cultured under Estrogen 

Deficient (ED) conditions or with 10 nM Estrogen (E); Oscillatory Fluid Flow (OFF) 

was applied exposing MLO-Y4 cells to peak shear stress of 1 Pa at 0.5 Hz for 1 h. (A) 

RANKL released into the osteocyte medium; (B) RANKL gene expression in 

osteocytes; (C) OPG gene expression in osteocytes; (D) RANKL/OPG ratio in 

osteocytes (E) M-CSF gene expression in osteocytes. RAW264.7 cells were co-

cultured with MC3T3-E1 cells and conditioned medium from MLO-Y4 cells (n=8). (F) 

CTSK gene expression, (G) NFATC1 gene expression (H) TRAP gene expression (I) 

TRAP Activity (J) Percentage of area covered by osteoclasts and (K) TRAP+ osteoclast 

images. Bar charts represent mean ± SEM. Scale bar represents 10 μM.  
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4.3.3 ROCK-II inhibition does not alter estrogen-mediated osteoclastogenesis  

To study the role of ROCK in estrogen mediated expression of osteoclast factors by 

mechanically stimulated osteocytes, MLO-Y4 cells were treated with the ROCK-II 

inhibitor (Y27632) before the application of mechanical stimulation, as discussed in 

the Materials and Methods section. Results are shown in Figure 4.4. ROCK-II 

inhibition did not significantly alter RANKL release, RANKL, M-CSF or OPG gene 

expression in E+Y when compared to continuous estrogen (E) osteocytes, see Figure 

4.4A-E. Similarly, when the conditioned medium from ED+Y was given to 

RAW264.7 cells, ROCK-II inhibition did not alter the osteoclastogenesis. Hence, it 

was seen that during pre-menopausal conditions ROCK-II does not regulate 

mechanobiological responses by osteocytes that drive osteoclastogenesis.  
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Figure 4.4: Osteoclastogenesis by MLO-Y4 cells  (n=4)  cultured with 10 nM Estrogen 

(E) for 7 days and exposed to 10 µM of  ROCK inhibitor, Y27632 (+Y), for 1 h. 

Oscillatory Fluid Flow (OFF) was applied exposing MLO-Y4 cells to peak shear 

stress of 1 Pa at 0.5 Hz for 1 h. (A) RANKL released into the osteocyte medium; (B) 

RANKL gene expression in osteocytes; (C) OPG gene expression in osteocytes; (D) 

RANKL/OPG ratio in osteocytes (E) M-CSF gene expression in osteocytes; RAW264.7 

cells were co-cultured with MC3T3-E1 cells and conditioned medium from MLO-Y4 

cells (n=8). (F) CTSK gene expression, (G) NFATC1 gene expression (H) TRAP gene 

expression (I) TRAP Activity  (J) Percentage of area covered by osteoclasts and (K) 

TRAP+ osteoclast images. Bar charts represent mean ± SEM. Scale bar represents 10 

μM.  
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4.3.4 ROCK-II inhibition suppresses estrogen deficiency mediated 

osteoclastogenesis  

To examine whether the ROCK inhibitor could revert the increased release of pro-

osteoclastogenic factors by osteocytes during post-menopausal conditions, estrogen 

deficient MLO-Y4 cells were treated with the ROCK-II inhibitor (Y27632) before 

application of mechanical stimulation. Although RANKL released into medium was 

not significantly different (Figure 4.5A) in estrogen deficient ROCK-II inhibited 

osteocytes (ED +Y), ED +Y osteocytes downregulated RANKL gene expression when 

compared to ED osteocytes (Figure 4.5B; 0.7 fold and 4.4 fold). OPG gene expression 

was not altered between ED +Y osteocytes and ED osteocytes (Figure 4.5C). This 

however resulted in significantly lower RANKL/OPG ratio in ED +Y compared to ED 

osteocytes (Figure 4.5E; 1 fold vs 5.5 fold). Similarly, M-CSF gene expression was 

downregulated in ED +Y osteocytes when compared to E osteocytes (Figure 4.5D; 0.8 

fold vs 3.9 fold). Hence, ROCK-II inhibition suppressed estrogen deficiency mediated 

gene expression by osteocytes for factors widely known to play a role in stimulating 

osteoclastogenesis. Thus, when RAW264.7 cells in culture with MC3T3-E1 cells are 

treated with conditioned medium from ED +Y osteocytes, gene expression by 

osteocytes to drive osteoclastogenesis was supressed. 

Interestingly, ROCK-II inhibition during estrogen deficiency (ED+Y) enhanced 

osteoclastogenesis in RAW264.7 cells, as is evident from the increase in gene 

expression of CTSK when compared to ED (Figure 4.5F; 1.3 vs 0.7 fold). However, 

NFATC1 gene expression by these osteocytes (Figure 4.5G) was not altered. Although 

TRAP activity (Figure 4.5I) was also not significantly altered, TRAP gene expression 

was upregulated in ED+Y than in ED (Figure 4.5H; 1.4 fold vs 0.7 fold). Also an 

increasing trend was seen in TRAP+ osteoclasts (quantified by percentage area covered 

by osteoclasts) treated with conditioned media from the ED+Y and ED groups, but 

this was not statistically significant (Figure 4.5J; 30.4 vs 24 percentage; p=0.07). 

TRAP+ images are shown in Figure 4.5K. Thus, while estrogen deficient ROCK-II 

inhibited MLO-Y4 osteocytes suppressed factors regulating osteoclastogenesis, the 

corresponding conditioned medium treatment of RAW264.7 cells in the BMU niche 
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enhanced osteoclast differentiation through CTSK and TRAP gene expression levels, 

which was unexpected. 

 

Figure 4.5:Osteoclastogenesis by MLO-Y4 cells (n=4) cultured under Estrogen 

Deficient (ED) conditions for 2 days (after treatment with estrogen for 7 days) and 

exposed to 10 µM of  ROCK inhibitor, Y27632,  (+Y) for 1 h. Oscillatory Fluid Flow 

(OFF) was applied exposing MLO-Y4 cells to peak shear stress of 1 Pa at 0.5 Hz for 

1 h. (A) RANKL released into the osteocyte medium; (B) RANKL gene expression in 

osteocytes; (C) OPG gene expression in osteocytes; (D) RANKL/OPG ratio in 

osteocytes, (E) M-CSF gene expression in osteocytes. RAW264.7 cells were co-

cultured with MC3T3-E1 cells and conditioned medium from MLO-Y4 cells (n=8). (F) 

CTSK gene expression, (G) NFATC1 gene expression (H) TRAP gene expression (I) 

TRAP Activity (J) Percentage of area covered by osteoclasts and (K) TRAP+ osteoclast 

images. Bar charts represent mean ± SEM. Scale bar represents 10 μM. 
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4.4 Discussion 

In this study, an in vitro multicellular niche was applied, to recapitulate paracrine cell-

cell signalling between mechanically loaded osteocytes, osteoblasts and osteoclasts, 

to derive an enhanced understanding of the complex intracellular interactions that 

drive bone loss in the disease of postmenopausal osteoporosis. Using this multicellular 

postmenopausal model, it is reported here that estrogen deficient and mechanically 

loaded osteocytes upregulate gene expression and production of biochemical markers 

known to govern osteoclastogenesis (RANKL, OPG, M-CSF) when compared to their 

counterparts that were exposed to estrogen. Moreover, osteoclast precursors cultured 

within this in vitro multicellular niche significantly reduced osteoclastogenic gene 

expression (CTSK) but an increasing trend was seen in area covered by TRAP+ 

osteoclasts, indicating altered osteoclast differentiation. Interestingly, this study 

reports that ROCK inhibition has the potential to suppress the impaired, pro-

osteoclastogenic, mechanobiological responses in osteocytes under postmenopausal 

conditions but did not influence osteocytes under pre-menopausal conditions. 

However, ROCK inhibition in estrogen deficient osteocytes did not ultimately inhibit, 

but in fact further exacerbated osteoclast activity.  

There are several limitations to this study that must be addressed here. Firstly, 

only osteocytes were treated with estradiol, whereas in vivo estrogen also affects other 

cells (Vaananen and Harkonen, 1996, Krassas and Papadopoulou, 2001, Okman-Kilic, 

2015), and so this study did not account for the direct modulation of osteoclasts by 

estrogen deficient and mechanically loaded osteoblasts (Allison and McNamara, 

2019). However, it had been previously reported that osteoblasts inhibited 

osteoclastogenesis in response to mechanical stimulation under estrogen deficiency 

(Allison and McNamara, 2019). Further to this point this study did not investigate the 

role of osteocytes in the absence of MC3T3-E1 cells, because in vivo osteoblasts and 

osteocytes together regulate osteoclastogenesis. MC3T3-E1 cells were included to 

account for their paracrine role but the experiments did not characterize these cells 

under the different conditions, because the specific aim was to derive an enhanced 

understanding of intracellular interactions that drive bone loss. Osteocytes are widely 

accepted to be the main mechanosensors (Lanyon, 1993, Bonewald, 2006) and the 

increased levels of RANKL, M-CSF and RANKL/OPG (Yoshida et al., 1990, Kong 
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et al., 1999, Hodge et al., 2011) suggest that the effects of estrogen deficiency on 

osteocyte mechanobiology and associated osteoclastogenesis are well captured here. 

Secondly, the flow regime did not induce significant changes in OPG gene expression 

by osteocytes, which is consistent with a previous study (Haugh et al., 2015), although 

RANKL expression was increased in estrogen deficient osteocytes compared to 

continued estrogen, which was not found previously (Haugh et al., 2015). The timing 

of analysis of gene expression could explain these differences, as transcription was 

allowed to take place for 24h in osteocytes, whereas gene expression was analyzed 

immediately after stimulation in (Haugh et al., 2015). The elevated RANKL/OPG 

indicate enhanced bone resorption driven by mechanically stimulated osteocytes under 

post-menopausal conditions. It was expected that this would be further exacerbated at 

higher shear stress magnitudes. Another limitation is the lack of cell-cell contact 

between osteocytes, osteoblasts and osteoclasts, which exists to a certain extent in 

vivo. Nonetheless, paracrine effects from osteocytes were captured using conditioned 

medium, and the synergistic effects from osteoblasts were incorporated through 

porous membranes, following previous approaches (Birmingham et al., 2012). Future 

studies could investigate advanced models that allow for cell-cell interactions in an 

estrogen deficient 3D environment. Finally, although the approach taken here captures 

the paracrine effects of Rho-ROCK signaling in altered mechanobiology of osteocyte 

mediated osteoclastogenesis, it does not capture the direct role of Rho-ROCK 

signaling in osteoblasts. However, a recent study has shown that ROCK-II inhibition 

in osteoblasts also intensifies the estrogen deficiency induced osteoclastogenesis 

(Allison and McNamara, 2019), and so this may have exacerbated the effects reported 

here. This study did not investigate the interaction between ROCK-II activity and 

estrogen deprivation because it was necessary to first establish whether ROCK-II 

inhibition has a potential to revert changes in osteocyte-mediated osteoclastogenesis 

during estrogen deficiency. Future studies could include western blot analysis or F-

actin staining to establish an underlying mechanism directly linking estrogen and 

ROCK-II, but this was not within the scope of the current study.  

Here the results demonstrate importance of an in vitro multicellular niche to 

recapitulate paracrine cell-cell signalling between osteocytes, osteoblasts and 

osteoclasts for studies of osteocyte-mediated osteoclastogenesis. Conventional models 
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to study cell-cell communication, typically between two cell types only, implement 

either conditioned media, to capture the paracrine effects of secreted factors from one 

cell type to another, or co-culture to account for juxtacrine membrane-bound 

signalling between cells. The model presented here includes osteocytes, osteoblasts 

and osteoclasts and, by incorporating both conditioned media and co-cultures, to 

capture synergistic effects of paracrine signalling from osteocytes to osteoclasts and 

synergistic paracrine signalling from osteoblasts to osteoclasts. Another advantage of 

the model used here is that the effect of one bout of mechanical stimulation on 

osteocytes was captured over a long time period (5 days), during which time the non-

osteocyte cells (osteoblasts) also continually produced biochemicals to regulate 

osteoclastogenesis, and such effects would not be captured in simple conditioned 

media studies. Specifically, it is shown that for all conditions, regardless of estrogen 

treatment, culture of osteoclast precursors in the presence of osteoblasts together with 

osteocyte conditioned-media results in a decrease in TRAP activity by osteoclasts 

precursors. However, culture of osteoclast precursors in the presence of osteoblasts 

alone resulted in an increase in the TRAP activity of osteoclasts (shown in Appendix 

Figure 7.6). This indicates that loaded osteocytes (inhibiting bone resorption) and 

unloaded osteoblasts (enhancing bone resorption) may be contrarily regulating the 

activity of mature osteoclasts. TRAP activity was significantly downregulated in 

RAW264.7 cells upon addition of both osteoblasts and conditioned medium from 

osteocytes, confirming that altered osteoclast activity was related to the signals from 

osteoblasts and osteocytes. Thus, this study provides motivation for future studies to 

incorporate in vitro multicellular approaches that can account for biochemical 

signalling between osteocytes, osteoblasts and osteoclasts, and their interaction with 

the mechanical environment, for studies of bone biology and disease.  

In vitro studies of MLO-Y4 osteocyte biology commonly use α-MEM culture 

media without estrogen, but here the objective was to more closely mimic the pre-

menopausal environment of osteocytes in vivo, by supplementing MLO-Y4 culture 

media with estrogen to specifically understand how this would influence osteocyte-

mediated osteoclastogenesis. It has been previously reported that estrogen negatively 

impacts bone resorption parameters such as RANKL responsible for osteoclast 

differentiation of murine bone marrow cells and the murine macrophagic cell line 
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RAW264.7 (Shevde et al., 2000). Likewise, the study reported here shows that 

RANKL levels released into the medium are abrogated in cells treated with estrogen. 

When examining the efficacy of the in vitro estrogen deficiency model used in this 

study, it was seen that there were differences amongst osteocytes with estrogen, those 

with estrogen deficiency and others cultured in control conditions. Firstly, it was seen 

that osteocytes with estrogen released lower levels of RANKL into media than those 

cultured under control conditions (Appendix Figure 7.4). More importantly, RANKL 

released into media was much higher by estrogen deficient osteocytes than osteocytes 

with estrogen. Also, estrogen deficient osteocytes do not behave the same as control 

osteocytes, as demonstrated by the differences in expression of RANKL, M-CSF 

genes as well as RANKL/OPG ratio (shown in Appendix Figure 7.5). Therefore, it can 

be concluded that mechanically stimulated osteocytes exhibit an impaired ability to 

drive osteoclastogenesis during estrogen deficiency. 

Here the results showed that during estrogen deficiency paracrine signaling for 

bone resorption (M-CSF, RANKL and RANKL/OPG) is increased in mechanically 

stimulated osteocytes. It has been previously reported that ovariectomy induced bone 

loss in mice resulted from enhanced osteoclastogenesis through increased TNF, 

RANKL and M-CSF production by T-cells (Roggia et al., 2001, Cenci et al., 2000). 

M-CSF is necessary for osteoclast formation from hematopoietic precursors and 

several studies have demonstrated osteopetrosis in M-CSF mutated animal models 

(Hattersley et al., 1991, Marks and Lane, 1976, Wiktor-Jedrzejczak et al., 1990, 

Tanaka et al., 1993, Yoshida et al., 1990). Estrogen inhibits M-CSF induced osteoclast 

formation and activity, and M-CSF is necessary for bone resorption activity of mature 

osteoclasts (Srivastava et al., 1998, Hodge et al., 2011). The study demonstrates that 

estrogen deficiency in osteocytes lead to higher levels of M-CSF gene expression than 

osteocytes cultured with estrogen, indicating the potential for enhanced osteocyte-

driven bone resorption during post-menopausal condition. It is known that RANKL 

regulates osteoclastogenenic differentiation through C-Fos and NFATC1, whereas 

CTSK and MMP9 regulate bone resorption activity by osteoclasts (Ghayor et al., 

2011). The lower CTSK levels in osteoclasts cultured with osteoblasts and estrogen 

deficient conditioned-medium might be explained by the requirement for CTSK 

interaction with type1 collagen to carry out initial attachment and termination during 
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bone resorption by osteoclasts (Wilson et al., 2009). Nonetheless, different levels of 

CTSK do indicate differences in osteocyte-mediated osteoclast activity during 

estrogen deficient post-menopausal condition, but the precise mechanisms need to be 

studied further. Although CTSK expression was altered, it was found that NFATC1 

was not altered during estrogen deficiency. This might be explained by changes in 

HDAC11, an enzyme expressed late in osteoclast differentiation (Jin et al., 2015, Blixt 

et al., 2017), which has the ability to alter osteoclast fusion and activity without 

affecting NFATC1. A HDAC11 knockdown study reported enhanced proliferation in 

breast cancer cells with estrogen receptors indicating that HDAC11 is stimulated by 

increased levels of estrogen (Frei, 2015). Although changes in HDAC11 may have 

inhibited osteoclastogenesis (Blixt et al., 2017) , the increase in area covered by 

TRAP+ cells during estrogen deficiency in the study reported here can be explained 

by the increase in osteoclastogenesis inducing factors by osteocytes. Another study 

shows that  in  mechanically stimulated osteocytes, bone remodeling markers such as 

DMP1, ALP, SOST, OCN and OPN are downregulated during estrogen deficiency 

(Deepak et al., 2017). Taken together, it can be proposed that during estrogen 

deficiency osteocytes play a direct role in the imbalance of both bone formation and 

bone resorption, due to their altered mechanobiology.  

The Rho-ROCK pathway governs cytoskeletal organisation and cell fate 

determination through signal transduction in response to mechanical stimulation 

(Arnsdorf et al., 2009, Gardinier et al., 2014, Hoon et al., 2016). Here the experiments 

investigated whether ROCK may be a putative target to revert the impaired responses 

to mechanical loading during estrogen deficiency. The results confirmed that RANKL, 

M-CSF and RANKL/OPG were downregulated in ROCK-II inhibited estrogen 

deficient osteocytes. Yet, these downregulated pro-osteoclast factors did not reduce 

osteoclast differentiation. Indeed, TRAP and CTSK gene expression in osteoclast 

precursors was higher, which was unexpected from the potential suppressive effect 

from conditioned medium. This effect might be explained by the addition of 15 ng/ml 

RANKL to pre-osteoclasts, although this concentration has been widely used to 

stimulate osteoclast differentiation (Allison and McNamara, 2019, Deepak et al., 

2015, Gardner, 2007b, Gardner, 2007a, Boeyens et al., 2014). Secondly, the 

osteoblasts did not receive the ROCK-II inhibitor, and thus might produce 
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RANKL/OPG/M-CSF or other cytokines (TNF-α, IL-6, and IL-8) that govern 

osteoclastogenesis and thus override the effects of ROCK-II inhibition on the 

osteocytes. Thirdly, it is known that active Rho-ROCK signaling negatively regulates 

osteoclastogenesis by modulating levels of RANKL and OPG (Wang and Stern, 2010, 

Takito et al., 2015, Ariyoshi et al., 2014, Allison and McNamara, 2019). This signifies 

that Rho-ROCK signalling does not only affect osteoblast differentiation but also 

osteoclast differentiation, particularly during estrogen deficiency. Clinically, this 

implies that while Rho-ROCK inhibition may revert the estrogen deficiency driven 

changes in bone formation, it may also favour osteoclast differentiation, hence 

controlling bone remodelling during estrogen deficiency. However, future studies are 

recommended to investigate the direct effect of ROCK-II on the release of pro-

osteoclastogenic factors and cytokines by osteoblasts in an estrogen deficient 

environment. In this study, ROCK-II was only inhibited in osteocytes and not in 

osteoclasts or osteoblasts. However, a recent study similarly reported that ROCK-II 

inhibition decreases the expression of OPG in osteoblasts leading to more area covered 

by TRAP+ osteoclasts and increased TRAP activity when these osteoblasts and 

osteoclasts were cultured together (Allison and McNamara, 2019). Together these 

studies indicate that during estrogen deficiency, while ROCK-II inhibition 

circumvents the release of pro-osteoclastogenic factors driven by osteocytes, it does 

not suppress osteoblast induced osteoclastogenesis, which explains the fact that 

osteoclastogenesis still occurred. 

It is now known that the effects of estrogen deficiency are not restricted to 

osteoclasts and bone loss, but that bone tissue composition (McNamara et al., 2006, 

Brennan et al., 2011a, Brennan et al., 2011c, Brennan et al., 2012b, McCreadie et al., 

2006, Zhu et al., 2008) and the bone cell mechanical environment (Verbruggen et al., 

2015, Verbruggen et al., 2016, Vaughan et al., 2015) are fundamentally altered. 

Moreover, these changes are transient; whereby the mineral content (Vaughan et al., 

2015, Verbruggen et al., 2015) and mechanical environment of osteoblasts and 

osteocytes are altered during early-stage osteoporosis (Verbruggen et al., 2015, 

Verbruggen et al., 2012). Results presented in this study establish that these changes 

might be associated with altered mechanobiological responses in osteocytes, which 

ultimately lead to a disturbed homeostasis in bone remodelling. Further studies should 
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investigate a strategy combining ROCK-II inhibition to mitigate pro-osteoclastogenic 

responses in osteocytes during estrogen deficiency, with another agent targeting 

osteoblast induced osteoclastogenesis during postmenopausal estrogen deficiency.  

4.5 Conclusion 

The study concludes that production of pro-osteoclastogenic factors by osteocytes are 

enhanced during estrogen deficient post-menopausal conditions. For the first time, this 

study demonstrated that ROCK-II inhibition in osteocytes has the potential to 

circumvent osteocyte-mediated increases in paracrine signaling for bone resorption 

during estrogen deficiency, but this did not inhibit osteoclast differentiation. Future 

research must focus on targeting both osteocytes and osteoblasts to completely 

attenuate osteoclast differentiation and activity during estrogen deficiency. 
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5 Chapter 5: Osteocyte-mediated 
calcium signalling in osteoblasts 
is altered during estrogen 
deficiency 

 

5.1 Introduction 

Osteocytes act as mechanical sensors in bone tissue and have the ability to signal for 

bone resorption by osteoclasts and bone formation by osteoblasts (Mori, 2003, 

Kamkin, 2005). Osteocytes communicate with nearby osteocytes and other cells in the 

bone multi-cellular (BMU) niche via their dendritic networks (Bonewald, 2005), 

lacunar-canalicular channels, gap junctions and through the release of paracrine 

factors, and thereby transduce signals and stimulate mechanobiological responses in 

osteoblasts and osteoclasts.   

Intracellular calcium ion, [Ca2+]i, oscillations in cells are amongst the very first 

biological responses that occur after a mechanical stimulus is conferred (Robling and 

Turner, 2009, Chen et al., 2000, You et al., 2001a). Mechanically loading the cell body 

opens and closes the electrical and mechanical channels that span the cell membrane, 

which results in various ionic influxes and outfluxes. Downstream, this ultimately 

alters the cell function by varying the ion concentrations, gene expression, protein 

synthesis (Ypey et al., 1992) and by inducing other mechanobiological responses 

(Madden et al., 2015). A balance in the [Ca2+]i concentration on either side of the cell 

membrane is necessary to maintain the electric potential of the membrane and is 

mediated by the opening and closing of ionic channels or gates. Calcium ions act as a 

messenger by modulating downstream events and by activating mechanotransduction 

pathways. Foremost in this process, [Ca2+]i oscillations stimulate cytoskeletal 

reorganisation and gene expression in osteoblasts (COX-2, cfos, OPN) in response to 

fluid shear stress (Chen et al., 2000, You et al., 2001a) and inhibition of  calcium 
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release in osteocytes suppresses the pulsatile fluid flow induced PGE2 response (Ajubi 

et al., 1999). The Endoplasmic Reticulum (ER) in mature osteoblasts has a high 

concentration of calcium ions (Bygrave and Benedetti, 1996, Florencio-Silva et al., 

2015). Extracellular calcium and IP3-induced calcium release from intracellular stores 

are required to elicit a calcium response from osteoblasts when mechanically 

stimulated (Hung et al., 1996).  

Interestingly, mechanically stimulated osteocytes respond more vigorously, in 

terms of calcium signalling intensity and number of cells responding, than osteoblasts 

(Lu et al., 2012a). In vivo the magnitude of applied strain influences the number of 

osteocytes responding, in terms of enhanced levels of [Ca2+]i  (Lewis et al., 2017). A 

seminal study conducted by Guo et al. demonstrated that intracellular calcium 

responses in single osteocytes, stimulated by nanoindentation, can be propagated to 

neighbouring cells and hence promote [Ca2+]i signalling in non-stimulated cells and 

also that calcium wave propagation is dependent on the separation distance from the 

stimulated cell (Guo et al., 2006). Mechanical stimulation disrupts the cell membrane, 

which allows ATP effluxes and Ca2+ influxes to stimulate vesicular exocytosis and 

membrane repair in order to restrict the release of ATP (Genetos et al., 2005, 

Mikolajewicz et al., 2018). Huo et al., used nanoindentation as a mode to mechanically 

stimulate single MC3T3-E1 osteoblast-like cells and reported that intercellular 

calcium wave propagations from mechanically stimulated cells to unstimulated cells 

were ATP dependent, rather than gap junction dependent (Huo et al., 2010). 

Mechanical stimulation of osteoblasts by means of a glass micropipette resulted in the 

propagation of [Ca2+]i waves to neighbouring cells that were not mechanically 

stimulated (Mikolajewicz et al., 2018).   

There is emerging evidence that the mechanobiological responses of 

osteoblasts and osteocytes are altered under estrogen deficient conditions. A 

pioneering study investigated whether bone cells from osteoporotic patients respond 

similarly to mechanical stress as those obtained from non-osteoporotic donors (Sterck 

et al., 1998). In their study, human bone cells were obtained by collagenase digestion 

from trabecular biopsies from normal and osteoporotic donors. These were 

mechanically stimulated by pulsating fluid flow and it was reported that the long-term 
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mechanobiological response was diminished in osteoporotic bone cells, as shown by 

reduced levels of PGE2 (Sterck et al., 1998). It was investigated whether estrogen 

supplementation could modulate the mechanoresponsiveness of osteoporotic bone 

cells, and it was reported that effects of estrogen treatment and fluid flow are additive 

in terms of NO and PGE2 production by bone cells harvested from osteoporotic donors 

(Bakker et al., 2005). In a later study, bone cells derived from biopsies of osteoporotic 

and osteoarthritis donors were also reported to have altered mechanotransduction in 

terms of NO and PGE2 release in response to pulsating fluid flow (Bakker et al., 2006).  

Estrogen has been reported to exert an anti-apoptotic effect on osteocytes 

(Marathe et al., 2012, Plotkin et al., 2005). The specific effect of estrogen deficiency 

on osteoblasts and osteocytes was studied by developing a postmenopausal model, in 

which osteoblast-like cells, MC3T3-E1, and osteocyte-like cells, MLO-Y4, were 

separately accustomed to estrogen for a period of time (4-14 days) and underwent 

subsequent estrogen withdrawal or treatment with Fulvestrant to deplete the estrogen 

receptor. Using such an approach it was reported that ALP production and 

mineralisation by osteoblasts and osteocyte apoptosis were altered during estrogen 

deficiency (Brennan, 2014). More recently, it was reported that fluid flow induced 

Ca2+ oscillations, NO and PGE2 release, gene expression of dentin matrix protein-1, 

sclerostin, osteopontin, osteocalcin, and alkaline phosphatase, and F-actin fibre 

formation in osteocytes were attenuated in an in vitro model of estrogen deficiency 

(Deepak et al., 2017). Using a similar estrogen deficiency model, it was revealed that 

focal adhesions, αvβ3 distribution and functionality are altered in osteocytes such that 

increased expression of RANKL/OPG and diminished COX-2 responses arise  

(Geoghegan et al., 2019a), which might play an important role in imbalanced bone 

remodelling. It is also known that the bone cell mechanical environment is 

fundamentally altered in terms of distribution of strains experienced during short term 

(5 weeks) of estrogen deficiency (Verbruggen et al., 2015, Vaughan et al., 2015, 

Verbruggen et al., 2016). Together these studies have provided evidence of altered 

mechanotransduction in osteocytes during estrogen deficiency. 

Osteocyte mechanotransduction studies are mostly conducted using parallel 

plate flow chambers (PPFC), which comprise of cells adhered to glass slides within a 
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defined chamber height, into which fluid flow (steady, oscillatory or pulsatile) is 

applied at a flow rate corresponding to the desired shear stress (Frangos et al., 1988, 

Frangos et al., 1985, Klein-Nulend et al., 1995, Haugh et al., 2015, Vaughan et al., 

2013, Verbruggen et al., 2012, Verbruggen et al., 2014, Geoghegan et al., 2019a, 

Deepak et al., 2017, Li et al., 2012). Although widely used, these PPFC systems do 

not allow for real-time studies of direct intercellular signalling for several of cell types 

whilst maintaining their paracrine signalling. For this reason, the majority of research 

on osteocyte mechanobiology has been conducted using mono-cultures, whereas 

studies of cell-cell signalling have relied on retrieving conditioned medium from the 

PPFC to examine the effect of paracrine factors onto another cell type. However, the 

effects of mechanical stimulation may be diminished when cells receive only 

intermittent exposure to regulatory factors released into the conditioned medium. 

Indeed it was reported that osteogenic differentiation of MSCs in vitro was enhanced 

by the physical presence of osteocytes and osteoblasts continually producing 

biochemicals, and indeed had a more potent effect than conditioned media from the 

same cell types (Birmingham et al., 2012). Microfluidics approaches have been 

developed to allow more than one cell type to be examined, account for direct 

intercellular signalling without the loss of any paracrine factors, and provide an in 

vitro representation of the Lacuno-Canalicular network (Middleton et al., 2017b, 

Middleton et al., 2017a). Such approaches can allow real-time examination of 

immediate mechanoresponses across multiple bone cell types. However, microfluidics 

approaches have never been applied to investigate calcium signalling in osteocytes 

and their paracrine effects on osteoblasts during estrogen deficiency.  

 The objective of this study was to investigate the effect of estrogen deficiency 

on [Ca2+]i  signalling, induced via mechanical stimulation of osteocytes, and the 

secondary effects on calcium stores in osteoblasts growing in the vicinity of the 

mechanically stimulated osteocytes. For this purpose, a microfluidic approach was 

implemented, to study signalling between osteocytes and osteoblasts, and combined 

with an in vitro model of post-menopausal osteoporosis. Specifically, MLO-Y4 cells 

were directly mechanically stimulated within one channel of a microfluidic device, 

while MC3T3-E1 cells resided in a neighbouring channel, where they could be 

influenced by signalling from stimulated MLO-Y4 cells but did not receive direct 
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mechanical stimulation. [Ca2+]i  signalling was studied across osteocytes and 

osteoblasts in real-time. 

5.2 Materials and Methods 

A microfluidics approach was implemented to study the propagation of calcium 

signals from mechanically stimulated MLO-Y4 osteocytes to MC3T3-E1 osteoblasts 

cultured in the neighbouring channel, to replicate the in vivo role of calcium signal 

transportation between osteocytes and osteoblasts (Figure 5.1). In the microfluidic 

device a layer of PDMS is bound on top of a glass substrate and the height between 

the glass layer and PDMS layer facing the glass substrate dictates height of the 

channels or side channels (Figure 5.1). Cells are seeded into the principal channels of 

the device, whereas side channels are much narrower and act to connect one channel 

to another to allow biochemical exchange between them. The microfluidic device used 

in these studies is based closely on the master template developed by Professor Lidan 

You’s lab group at the University of Toronto (Canada), as described briefly in section 

5.2.1. 
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Figure 5.1: Schematic depicting an in vivo bone multicellular unit and the in vitro 

microfluidic approach undertaken to study intercellular signal transport between 

osteoblasts and mechanically stimulated osteocytes using the microfluidic devices as 

designed by Middleton et al. (Middleton et al., 2017b, Middleton et al., 2017a). MLO-

Y4 osteocyte-like cells were exposed to oscillatory fluid flow (black arrow), while 

MC3T3-E1 osteoblast-like cells were residing in the neighbouring channel. The two 

channels are connected with narrow side channels. Calcium ion signalling was 

analysed in real time in both channels.  

5.2.1 Master Fabrication 

The master provided a template to produce microfluidic devices, which comprised of 

60 µm in height, 1 mm wide and 1.6 cm long main cell culture channels. Each side 

channel was 60 µm in height, 20 µm wide and 200 µm long. The technique of soft 

lithography was used by Professor Lidan You’s laboratory at University of Toronto to 
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fabricate a master template for the microfluidic devices. Briefly, a heated silicon wafer 

was thoroughly cleaned using acetone, Isopropyl Alcohol (IPA) and nitrogen gas. The 

clean wafer was baked onto the hot plate and SU-8-2050 was spun coated to ensure 

uniform thickness. The master was then patterned under UV light through a 

photomask of the device using the mask aligner. The master was baked and soaked in 

SU-8, and dried using Nitrogen gas. Channel heights were examined using a 

profilometer and the master was carefully stored to avoid any impact that could 

damage the patterns. 

5.2.2 PDMS Device Fabrication 

A microfluidic device comprised of a PDMS layer (SYLGARD 184 Clear; Krayden – 

DC4019862) adhered onto a glass substrate. The master was used to make the PDMS 

part of the device. PDMS was thoroughly mixed with the curing agent at a ratio 10:1 

and poured into a clean dish that contained the master. The dish was then de-gassed in 

a vacuum chamber for 1 hour to ensure that no air bubbles remained in the microfluidic 

device. The dish was cured in an oven at 80 °C for at least 3 hours. The PDMS device 

was carefully cut and slowly peeled from the master using a scalpel knife. The holes 

were punched using a needle tip with a diameter smaller than the diameter of the 

inlet/outlet. The patterned side of the PDMS layer was then taped to ensure no dust or 

debris could rest within the cell culture chamber or side channels, or at any other 

location in the pathway of cells.  

 The PDMS layer of the device was then bonded to a glass slide, ideally wider 

than the PDMS layer, using air plasma. The PDMS layer was thoroughly washed using 

IPA and DI water and dried using Nitrogen gas. The glass slide was thoroughly washed 

using acetone, IPA and water and dried using Nitrogen gas. The PDMS layer was 

placed inside the plasma machine such that the patterned side was facing up and the 

cleaned glass slide was also placed beside it. The incubation time for the treatment 

was optimised to be 50-60 seconds through several trials. The two layers were then 

bonded with each other such that the patterned side of the PDMS layer was in contact 

with the glass slide. The bond was pressed thoroughly and carefully so that the 

channels and side channels were not over-pressed or damaged, as it could affect the 

height of the channels and cause blockage. The device was then immediately heat 
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treated using a hot plate at 80°C for at least 15 min. The bond was then tested on the 

edges by manually trying to peel the PDMS. If the PDMS did not detach from the 

glass substrate upon peeling the edges, it was considered a good device, otherwise, the 

two layers were separated and washed again to be bonded again with each other.  

5.2.3 Inlets and Outlets Bonding 

After the inlet and outlet holes were punched using the needle tip (Outside Diameter - 

0.5 mm), they were set in place using PDMS: curing agent mix, acting as a glue. A 

ratio of 10:1 PDMS to curing agent was thoroughly mixed and de-gassed using a 

vacuum pump to ensure no air bubbles existed. The 90° tips (straight tips from 

Caulfield Industrial, Galway, bent using pliers) were inserted into the inlet and outlet 

holes and de-gassed PDMS-curing agent, acting as a glue, was spread around the tip 

creating a seal around the tip and device junction. The set-up was then left inside the 

oven to cure. After 2 hours, the device and the glue were inseparable making sure the 

tips were tightly secured into the hole.  

5.2.4 Device Sterilisation, collagen coating and assembly 

Firstly, the device was UV treated for 20 min and all other equipment was autoclaved. 

Only one of the inlet tips was used to sterilize the device. This inlet was connected to 

a short segment of autoclaved tube, which was connecting to a 5 ml syringe filled with 

70% ethanol and gradually filled. At this point, any blocked channels or blocked tips 

were identified in terms of a high pressure required to push the syringe, indicating the 

presence of a blockage. After incubating with ethanol for 10 min, autoclaved DI water 

was flushed through the same tube using a new 5 ml syringe and the device was 

incubated in DI water for 10 min. The device was then coated with 0.5 mg/ml of 

collagen for seeding MLO-Y4 cells, by flushing collagen solution through the device 

using a 5 ml syringe and incubation for at least 1 hour. The device was then flushed 

with sterile PBS using a new 5 ml syringe and incubated in PBS until cells were 

seeded.  

The connections at the inlets and outlets were finalized (briefly explained in 

the Appendix Section 7.2) to achieve a leak-free, bubble free and user friendly 
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experimental set-up. Subsequently, a new 5ml syringe was used to flush standard 

growth medium for cells after the channels were collagen coated. All the channels 

were closed using luers. The entire system was carefully placed inside the incubator 

until the cell suspension was ready. 

5.2.5 In vitro models of Pre- and Post-menopausal conditions during osteoporosis 

Murine osteocyte-like cells (MLO-Y4) (Kato et al., 1997), at passage 31-34, were 

cultured on collagen type-1 coated flasks in standard ɑ-Minimum Essential Medium 

Eagle (ɑMEM) supplemented with 2.5% Foetal Bovine Serum, 2.5% Calf Serum, 2 

mM L-glutamine, 100 U/mL Penicillin and 100 μg/mL Streptomycin. MC3T3-E1 

cells at passage 11-15 (ATCC; Manassas, VA) were cultured in ɑMEM supplemented 

with 10% Foetal Bovine Serum, 2 mM L-glutamine, 100 U/mL Penicillin and 100 

μg/mL Streptomycin on culture flasks.  

Estrogen is important for normal bone cell function, yet in vitro studies of bone 

cell biology commonly use α-MEM culture media without the addition of estrogen. 

Thus, to more closely mimic the pre-menopausal physiological environment of 

osteocytes and osteoblasts in vivo, their respective culture media were supplemented 

with pre-menopausal levels of estrogen (10 nM 17β-estradiol ) for 7 days as a pre-

treatment. Cell culture media was replenished every 2-3 days and cells were 

maintained at 37°C in a humidified environment with 5% CO2. 

Next, the study sought to understand how estrogen deficiency influenced 

osteocyte-mediated calcium signalling in osteoblasts. For this purpose, a post-

menopausal regime was implemented based on previous studies (Brennan, 2014, 

Geoghegan et al., 2019a, Deepak et al., 2017). Briefly, after the pre-menopausal 

treatment of osteocytes and osteoblasts separately for 7 days, estrogen administration 

was discontinued for a further two days of cell culture, to mimic the onset of estrogen 

deficiency in post-menopausal osteoporosis. Continued estrogen (17β-estradiol ) 

supplemented groups were also cultured for the same durations for comparison with 

estrogen deficient groups. After the estrogen deficient period, osteocytes and 

osteoblasts were seeded in adjacent channels in a microfluidic device. 



                                                                                            Chapter 5 

 

109 

 

 

5.2.6 Microfluidic experiments  

MLO-Y4 cells and MC3T3-E1 cells from each of the groups described above 

(Estrogen, Estrogen Deficient) were passaged separately and a cell suspension of 

500,000 cells/ml of each cell type was prepared. Using different 1 ml syringes, both 

cell types were injected into different adjacent channels of the devices and incubated 

overnight (Figure 5.2) before applying fluid flow. One port of a three-way valve was 

used to connect to a 0.2 µm filter to the device, a second port was used to connect 

tubing to the device and a third port was used to expel any air bubbles in the system. 

The third channel remain closed with no three-way valve. The seeded device was 

checked under the microscope and carefully placed inside the incubator. Once inside 

the incubator, the luers covering the filter end were removed. The luers were raised to 

a level such that the filter ends were facing upwards to avoid media blocking the filter. 

The seeded device was checked under the microscope after 24 h of seeding (Figure 

5.2) before the fluid flow experiments were initiated. 
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Figure 5.2: Microfluidic devices imaged 24 h after seeding of (A) MLO-Y4 channel 

and (B) MC3T3-E1 channel. Arrows indicate the MLO-Y4 and MC3T3-E1 

morphology on the magnified images, respectively.  

The flow rate (Q) required to generate physiologically relevant shear stress (𝜏) acting 

upon the monolayer of cells through oscillatory fluid flow was calculated using the 

following equation  

𝜏 = 6µ
𝑄

𝑤ℎ2
 

Where w and h were the width and height of the microfluidic channels respectively 

and the dynamic viscosity of culture media, µ, was taken as 0.0007 Pa.s (Wang et al., 

2012). 

A Harvard Apparatus Pump was programmed, as shown in Table 5.1, to 

generate the desired Oscillatory Fluid Flow (Q) of 103 µL/min at 0.5 Hz to ensure 

application of a fluid shear stress (𝜏) of 2 Pa within the cell culture channels, as this 

device design has already been validated for 2 Pa by Middleton et al. in their previous 

studies (Middleton et al., 2017b, Middleton et al., 2017a). The calculated flow rate 

was then validated in the tubes of 1.6 mm internal diameter by weighing the volume 

of liquid pumped per minute. It was verified that this was 103 mg for 103 µL/min of 

flow rate set on the pump.  

Table 5.1: Harvard Pump programming to exert 2 Pa shear stress inside the 

microfluidic devices 

Step Profile Flow Rate Duration Repeat 

1 Constant rate 100 µL/min 1 sec - 

2 Oscillatory 103 µL/min 1 sec - 

3 Oscillatory 103 µL/min 1 sec - 

4 Repeat from Step 2 From Step 2 n/a 1800 times 
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In the microfluidic device, MLO-Y4 cells and MC3T3-E1 cells were both 

seeded into different channels. MC3T3-E1 cells were not directly mechanically 

stimulated but were influenced by paracrine factors from the mechanically stimulated 

MLO-Y4 cells.  

5.2.7 Flow profile and frequency validation 

The flow rate dispensed by the pump was validated by weighing the volume of fluid 

dispensed. The frequency and flow profile were validated in the system, using a 

program developed to operate the Harvard pump. For this purpose, a red dye solution 

was pumped into the 1.6 mm tubing in an oscillatory mode and the intensity of the red 

dye in the marked rectangle was quantified using Plugin TimeSeries analysis in 

ImageJ (Figure 5.3A-B). It was verified that the generated flow profile is oscillatory 

with a frequency of 1 cycle every 2 seconds, which is equivalent to 1 cycle per 60 

frames inside the tube (Figure 5.3C), where each second is 30 frames, resulting in a 

frequency of 0.5 Hz. The graph of average intensity inside the black box confirmed 

the oscillatory flow pattern (Figure 5.3C). 

 

Figure 5.3: Validation of frequency of oscillatory flow profile as generated by the 

Harvard pump (A). The flow profile and frequency were validated in the tube in a 
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defined region represented by black rectangular box (B). The average intensity of dye 

in black rectangle was plotted against time in frames (C).  

5.2.8 Intracellular calcium ion signalling 

Fluo-4 AM is a calcium indicator that is cell permeable and binds with calcium ions 

and can be visualised when excited at 494 nm and fluorescence is emitted at 506 nm. 

In order to finalise the concentration of Fluo-4AM dye solution for experiments, 

previously reported concentrations (5- 10 µM) were tested (Rath et al., 2010, Adachi 

et al., 2009, Riquelme and Jiang, 2013, Bakker et al., 2009). To detect intracellular 

calcium, cells were stained with 5 µM or 10 µM Fluo-4 AM dye (Fura-2AM kit, 

Abcam) by following the manufacturer protocol. A dye stock (1 mM) solution of Fluo-

4AM (Biosciences) was prepared by adding 45.6 µL of DMSO to a 50 µg vial. An 

assay Buffer consisting of Ca2+, Mg2+, 10 mM HEPES + 10 mM Glucose, w/o Phenol 

Red was supplied with a Fura-2AM kit (Abcam) and used here. The assay buffer and 

pluronic solution supplied with this kit were pre-warmed. To make 1 ml of dye loading 

solution, 5 µL Dye stock, 100 µL Pluronic 10X and 895 µL assay buffer were mixed 

using a micropipette. 

To confirm that variation in [Ca2+]i signalling under mechanical load can be 

captured in MLO-Y4 cells and to generate a typical osteocyte [Ca2+]i response to flow, 

MLO-Y4 cells (200,000 cells/slide) were cultured on a glass slide. After 24 h of cell 

seeding, these cells were loaded with 5 µM Fluo-4AM dye for 25 min at 27 °C inside 

the cell culture hood. After rinsing these cells with Assay buffer, these were left to 

incubate in Assay Buffer for 20 min at room temperature. Then, these cells were 

incubated in standard growth medium. These cells were then  mechanically stimulated 

using the custom made Parallel Plate Flow chamber with a glass window, where MLO-

Y4 cells were exposed to fluid flow at 0.5 Hz exerting 1 Pa shear stress using 6-syringe 

pump (Figure 5.4). A glass window in the chamber facilitated the examination of real 

time calcium signalling under the fluorescence microscope. An image sequence was 

recorded at 30 fps and further analysed using ImageJ.  
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Figure 5.4: MLO-Y4 cells were exposed to fluid flow at 0.5 Hz exerting 1 Pa shear 

stress using 6-syringe pump (A-Pump, B-syringe, C-inlet tube, D-parallel plate 

chamber with cells adhered to a glass slide, E-outlet tube, F-filter, G-outlet reservoir 

with medium) as described elsewhere (Haugh et al., 2015).  

5.2.8.1 Loading of microfluidic channels with Fluo-4AM dye 

Channels were examined under the microscope after 2 days of cell seeding. Then all 

the channels were gently rinsed with PBS using a 5 ml syringe, after which the dye 

solution was loaded into the channels with cells using a new syringe. The device was 

placed onto a hot plate at 27°C for 25 min and covered with aluminium foil to protect 

from light. Assay buffer was then used to rinse the dye from all the channels using a 

5 ml syringe. The device was then incubated for 20 min at room temperature in Assay 

Buffer. Standard growth medium was added to the channels and the MLO-Y4 channel 

was connected to the flow set up using the flow parameters described in Table 5.1 and 

the system was maintained undisturbed for 15 minutes to allow the cells to adjust to 

the stage temperature and environment. A baseline image was recorded and then flow 

was started in the MLO-Y4 channel, while other channels remained closed, and an 

entire sequence of images was recorded. Each device was mechanically stimulated the 

first time to capture intracellular calcium changes in MLO-Y4 cells and then was left 

undisturbed for 15 minutes before capturing [Ca2+]i changes in the MC3T3-E1 cells, 

whilst again stimulating MLO-Y4 cells only and not the MC3T3-E1 cells. 
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5.2.9 Data analyses using ImageJ 

 [Ca2+]i intensity was quantified using ImageJ 1.52, where images were converted to 

pseudo-coloured images using 16 Colors in Lookup Tables and six different regions 

of interest were chosen. The freehand selection tool was used to contour the periphery 

of cells such that the contoured cells can be used as a region of interest (Figure 5.5). 

Using the TimeSeries Analyser V3 plugin, data for average calcium intensity of each 

region of interest was retrieved and imported into Microsoft Excel, where the average 

calcium intensity of all regions of interest was plotted against time. The plot was 

generated by converting the number of frames to time using the frame rate of 30 fps 

and by normalizing the calcium intensity data to the baseline, for which the average 

baseline was subtracted from intensity at each time point.  

For studying calcium signalling in MLO-Y4 cells using parallel plate flow 

chamber studies, ten cells were randomly chosen and analysed as regions of interest. 

These regions of interests were analysed using the Time series analyser in Image J. 

The intensity of the cells responding to the dye and mechanical stimulation were 

evident using colour bar for change intensities and these changes were recorded for 

the selected regions of interest. 
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Figure 5.5: An example of a pseudo coloured image used to quantify changes in 

[Ca2+]i intensity in ImageJ where the periphery of a cell is contoured using Freehand 

tool to mark the cell as a Region of Interest (ROI). The change in [Ca2+]i intensity 

over time within this region of interest is reported using the Time Series Analyser V3 

plugin in ImageJ. 

5.2.10 Statistical Analyses 

A Student’s two-tailed t test in Microsoft Excel was for the statistical comparison to 

determine the optimal concentration of Fluo-4AM dye to be used. Statistical analyses 

for flow experiments were performed using GraphPad Prism version 6.0. A One Way 

ANOVA test was conducted to examine the effect of estrogen deficiency on [Ca2+]i 

changes in MLO-Y4 cells and MLO-Y4 induced [Ca2+]i changes in MC3T3-E1 cells. 

Tukey’s multi-comparison test was conducted to compare the groups with each other, 

where p<0.05 between the groups was considered significantly different. Two 

different experiments were conducted for each group. Bar charts represent mean ± SD.  
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5.3 Results 

5.3.1 Optimisation of Fluo-4AM dye concentration 

[Ca2+]i signalling in osteocyte-like MLO-Y4 cells was examined using live-cell 

fluorescent microscopy (under static conditions) using both concentrations of Fluo-

4AM dye solution (5, 10 µM), see Figure 5.6. Quantification of the number of cells 

was conducted in ImageJ where pseudo-colours were used and Brightfield images 

(green) were superimposed with fluorescent images (blue) to quantify the number of 

cells responding to the dye (Figure 5.6). It was reported that 34 ± 2% of MLO-Y4 cells 

responded to 5 µM dye and 29 ± 10% responded to 10 µM dye. There was no 

significant difference in the percentage of MLO-Y4 cells responding to the dye 

between the two different concentrations tested (5, 10 µM). Thereafter, 5 µM 

concentration of Fluo-4AM dye was used in the flow experiments. 
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Figure 5.6:  Osteocyte-like cells, MLO-Y4, were loaded (n=2) with (A) 5 µM and (B) 

10 µM Fluo-4AM and stained blue using pseudo colors. White arrows indicate cells 

responding to the Fluo-4AM dye intake. Bar chart (C) represents percentage of cells 

responding to Fluo-4AM dye and error bars represent standard deviation.  

5.3.2 Calcium signalling in osteocytes using Parallel plate flow chambers 

In order to verify that Fluo-4AM dye has the ability to bind with [Ca2+]i in bone cells  

undergoing fluid flow induced mechanical stimulation and to generate a typical 

osteocyte [Ca2+]i response to OFF, MLO-Y4 cells were seeded on a glass slide and 

exposed to OFF (1 Pa, 0.5 Hz, 60 min) using a parallel plate flow chamber system. 

The calcium intensity of  these cells responding to mechanical stimulation was 
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analysed in ImageJ using pseudo-colours for changes in [Ca2+]i intensities (Figure 

5.7A) and a Time Series Analyser Plugin was used to study these calcium intensity 

changes against time (Figure 5.7 B). When no flow is applied, the PPFC system is 

allowed to rest onto the microscope stage, after which baseline (Figure 5.7) is recorded 

to provide a reference for comparing the effect of mechanical stimulation against 

baseline. A general pattern of calcium response to loading was noticed in MLO-Y4 

cells. Firstly, a high peak in [Ca2+]i intensity occurred at 0.06 sec after the onset of 

OFF, which continued for 2 seconds, after which the intensity begins to gradually 

decrease and finally a rapid drop is seen at 6.33 sec when oscillatory flow is halted. 

The observations made here provided the basis for the analysis of the responsive 

[Ca2+]i peaks in MLO-Y4 cells stimulated by oscillatory flow for the estrogen 

deficiency experiments that followed. The results verified that Fluo-4AM dye can bind 

with [Ca2+]i stimulated in osteocyte cells in response to fluid flow induced shear stress. 
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Figure 5.7: Imaging of [Ca2+]i signal variation in MLO-Y4 under fluid flow (n=2). 

(A) Live cell images before flow (Baseline), Calcium signalling response at 0.06, 2, 4 

seconds after the onset of Oscillatory Fluid Flow (OFF) and when OFF is halted (6.3 

sec). Scale bar represents 100 µm. (B) [Ca2+]i against time (in seconds). 

(B) 

(A) 
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5.3.3 Estrogen deficient MLO-Y4 cells and MC3T3-E1 cells are more sensitive to 

steady flow 

Firstly, MLO-Y4 cells and MC3T3-E1 cells were seeded into different channels of a 

microfluidic device and calcium signalling in MLO-Y4 cells in response to 

mechanical stimulation under estrogen deficiency was investigated. As seen in Figure 

5.8A, MLO-Y4 cells under estrogen deficiency show an instant response to 1 second 

of steady flow (SF), whereas MLO-Y4 cells with estrogen gradually build up a 

response to SF. Similarly, under estrogen deficiency, the MLO-Y4-induced calcium 

response in MC3T3-E1 cells show an instant response to 1 second of SF, but not under 

estrogen conditions, Figure 5.8B. Note the differences in scale on the graphs presented 

in Figure 5.8A. 
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Figure 5.8: (A) Average [Ca2+]i intensity of MLO-Y4 cells and MC3T3-E1 cells when 

cultured with estrogen and under estrogen deficiency (n=2). Data is normalized to 

baseline. (B) Live cell images before the onset of flow (No Flow) and 1 second after 

the onset of steady flow. 

(A) 

(B) 
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5.3.4 Estrogen deficient MLO-Y4 cells exhibit an exacerbated [Ca2+]i peak 

intensity  

In microfluidic devices, when MLO-Y4 cells and MC3T3-E1 cells were seeded into 

different channels, the [Ca2+]i in both cell populations (in response to mechanical 

stimulation applied only to MLO-Y4 cells) under estrogen deficiency was 

investigated. Estrogen deficient osteocytes showed higher [Ca2+]i peak intensities in 

response to flow than those with estrogen (119.8 ± 82.2 vs. 6.95 ± 4.8; Figure 5.9). 

However, MC3T3-E1 cells cultured with mechanically stimulated MLO-Y4 cells 

under estrogen deficiency did not show statistically significant differences (p=0.88) in 

peak response, when compared with MC3T3-E1 cells cultured with mechanically 

stimulated MLO-Y4 cells under estrogen conditions (28.61 ± 24.94 vs 11.98 ±7.5; 

Figure 5.9).  

 

Figure 5.9: Effect of estrogen deficiency on the [Ca2+]i peak  intensity of MLO-Y4 

cells and MC3T3-E1 cells when compared with those with estrogen (n=2). Data is 

normalized to baseline and bar charts represent mean ± SD.  

Under estrogen conditions the peak intensity in MLO-Y4 cells was not 

significantly different from MC3T3-E1 cells (6.95 ± 4.8 vs 11.98 ± 7.5 Figure 5.10). 
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Under estrogen deficiency the [Ca2+]i peak intensity in MLO-Y4 cells was 

significantly higher than MC3T3-E1 cells (28.61 ± 24.94 vs 11.98 ± 7.5; 5 Figure 

5.10).  

 

Figure 5.10: [Ca2+]i peak  intensity exhibiting the effect of mechanically stimulated 

MLO-Y4 induced [Ca2+]i in MC3T3-E1 when compared with [Ca2+]i peak  intensity 

in mechanically stimulated MLO-Y4 (n=2). Data is normalized to baseline and bar 

charts represent mean ± SD.  

5.3.5 Estrogen deficient MLO-Y4 cells exhibit an immediate [Ca2+]i peak response 

and this is followed by a secondary [Ca2+]i peak response in estrogen 

deficient MC3T3-E1 cells 

The time taken by MLO-Y4 cells and MC3T3-E1 cells to reach the peak [Ca2+]i 

response (Figure 5.11) was examined and it was found that under estrogen deficiency 

MLO-Y4 cells are faster (0.06 seconds after the onset of flow) to exhibit a peak 

response than MLO-Y4 cells cultured with estrogen (2.25 seconds after the onset of 

flow). However, under estrogen deficiency, MC3T3-E1 cells were delayed (2.55 

seconds after the onset of flow) in exhibiting a peak response, when compared to 
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MC3T3-E1 cells cultured with estrogen (1.10 seconds after the onset of flow). When 

the comparison was made between MLO-Y4 and MC3T3-E1 cells, it was seen that 

under estrogen deficiency while MLO-Y4 cells exhibited a quick peak response (0.06 

seconds after the onset of flow) whereas MC3T3-E1 cells exhibited a delayed time to 

reach the peak response (2.55 seconds after the onset of flow). It is important to note 

here that under estrogen conditions MLO-Y4 cells exhibited the peak response 2.25 

seconds after the onset of flow whereas MC3T3-E1 cells demonstrated a peak 

response 1.10 seconds after the onset of flow.  
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Figure 5.11: Peak [Ca2+]i response of MLO-Y4 cells and MC3T3-E1 cells (n=2) when 

compared to the baseline (No flow). Time to reach the peak response after the onset 

of flow is labelled.  

The [Ca2+]i response by mechanically stimulated MLO-Y4 cells was compared 

to MC3T3-E1, which were not directly stimulated but relied on signalling from MLO-

Y4 cells, under both-estrogen and estrogen deficient conditions. This response was 

analysed at different time points (1 second of steady flow, 1 and 4 seconds of OFF). 

The results reveal that under estrogen deficiency MLO-Y4 cells exhibit an enhanced 

[Ca2+]i response compared to those with estrogen after 1 second of steady flow 

(p<0.01) (Figure 5.12A, B). Similarly, after 1, 2 and 4 seconds of OFF, under estrogen 

deficiency MLO-Y4 cells exhibit an enhanced [Ca2+]i response (p<0.01) compared to 
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those with estrogen. However, no significant differences were seen while comparing 

the [Ca2+]i response of  estrogen deficient MC3T3-E1 cells to MC3T3-E1 cells with 

estrogen, for any time point. Under estrogen deficiency, MC3T3-E1 cells (Figure 

5.12A, B), exhibited lowered [Ca2+]i intensity compared to MLO-Y4 cells after 1 

second of steady flow (p<0.01). Similarly, after 1, 2 and 4 seconds of OFF, under 

estrogen deficiency, MC3T3-E1 cells exhibited lowered [Ca2+]i intensity (p<0.01) 

compared to MLO-Y4 cells. These results demonstrated that estrogen deficiency alters 

the osteocyte response to mechanical loading as well as the secondary osteocyte-

induced osteoblast response. 
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Figure 5.12:  [Ca2+]i response of MLO-Y4 cells and MC3T3-E1 cells after 1.00 

second of steady flow, after 1.00 second of OFF, after 2.00 seconds of OFF and after 

4.00 seconds of OFF. (A) Live cell fluorescent microscopy images. (B) Effect of 

A 

B 
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estrogen deficiency on MLO-Y4 cells and MLO-Y4 induced calcium signalling in 

MC3T3-E1 cells (n=2). Data is normalized to baseline and bar charts represent mean 

± SD.  

Comparisons were also made to examine the effect of flow profile (steady and 

oscillatory) on MLO-Y4 cells and MLO-Y4-induced calcium signalling in MC3T3-

E1 cells. Although the [Ca2+]i response against time (Figure 5.8) indicated a pattern 

where the [Ca2+]i intensity signal begins to drop after oscillatory flow is induced or a 

plateau is reached, however, when these intensities were compared with time, there 

were no differences seen. The results specifically showed that flow profile, whether 

steady or oscillatory, did not cause any significant differences in [Ca2+]i (Figure 5.13). 

For example, [Ca2+]i response by MLO-Y cells with estrogen was not significantly 

different when 1 second of steady flow acted on it, followed by 1 second oscillatory 

flow, and not even when oscillatory flow continued to act for 4 seconds. Similarly, the 

[Ca2+]i response by MLO-Y4 cells under estrogen deficiency, was not significantly 

different when 1 second of steady flow acted on it, followed by up to 4 seconds of 

oscillatory flow. MC3T3-E1 cells (estrogen or estrogen deficient) also did not show 

any significant differences when flow profile changes (from steady to oscillatory) or 

along the different time points. These results demonstrated that flow profile or duration 

(1 sec steady followed by approx. 5 sec of OFF) does not alter the MLO-Y4 response 

to mechanical loading or the MLO-Y4 induced MC3T3-E1 response to mechanical 

loading. 
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 Figure 5.13:  Effect of flow profile (steady and oscillatory) on MLO-Y4 cells and 

MLO-Y4 induced [Ca2+]i in MC3T3-E1 cells after 1.00 second of steady flow, after 

1.00 second of OFF, after 2.00 seconds of OFF and after 4.00 seconds of OFF (n=2). 

Data is normalized to baseline and bar charts represent mean ± SD.  
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5.4 Discussion 

The primary objective of this study was to investigate real-time [Ca2+]i in osteocytes 

while they are mechanically stimulated and the secondary effect of these responses on 

calcium signalling in osteoblasts, which are not directly mechanically stimulated but 

rely on signalling from mechanically stimulated osteocytes. A microfluidics system 

was established to study this synergistic interaction where osteocyte-like cells, MLO-

Y4, and osteoblast-like cells, MC3T3-E1, were cultured in the same niche and under 

both pre- and post-menopausal conditions. For the first time, it is reported here using 

a microfluidic approach that the [Ca2+]i response in mechanically stimulated MLO-Y4 

cells can induce [Ca2+]i in MC3T3-E1 cells, in the vicinity of the stimulated osteocyte, 

and that this response is impaired under estrogen deficiency. Specifically, estrogen 

deficient MLO-Y4 cells responded immediately with higher [Ca2+]i peak upon the 

application of fluid flow, compared to MLO-Y4 cells with estrogen, which responded 

slower and with lower a [Ca2+]i peak. Thus, these findings indicate the hypersensitive 

nature of estrogen deficient MLO-Y4 cells. Under estrogen deficiency MC3T3-E1 

cells exhibited a delayed and lower [Ca2+]i peak response compared to MLO-Y4 cells 

that received the mechanical stimulation, whereas under estrogen conditions the 

[Ca2+]i peak response was similar for the mechanically stimulated osteocytes and 

osteoblasts receiving signalling from these. Interestingly, the hypersensitive Ca2+ 

response of MLO-Y4 cells did not induce a similar increase in [Ca2+]i in MC3T3-E1 

cells, indicating that direct mechanical stimulation is capable of inducing more potent 

[Ca2+]i   response than intercellular networking between loaded and static cells. This 

delayed and lower [Ca2+]i peak response by MC3T3-E1 cells is indicative of the 

impaired intercellular communication. Additionally, mechanical stimulation by 1 sec 

of steady flow resulted in a similar [Ca2+]i response as that following oscillatory flow 

for up to 4 seconds indicating that, for the stimulation regimes investigated here, 

[Ca2+]i responses were affected by estrogen deficiency rather than the flow profile. 

There are certain limitations to this study that must be addressed. Firstly, only 

two cell types were investigated (MLO-Y4 and MC3T3-E1 cells), and so the study 

does not account for the effects of other cells that interact within the bone multicellular 

niche in vivo, in particular osteoclasts and mesenchymal stem cells. However, the aim 
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of this study was to decipher interactions between calcium oscillations in osteocytes 

and osteoblasts, and future studies could build upon these findings and incorporate 

osteoclasts and other cells. Secondly, although the frequency and flow profile of the 

oscillatory flow was validated in the microfluidic system using the Harvard pump, the 

flow rate was not directly measured but mathematically inferred from the inlet flow 

and channel dimensions. However, the pump was validated to check the desired flow 

rates and the steady flow profile, and the flow rates were similar to those used in a 

previous study using a similar 3-channel device (Middleton et al., 2017b). Thirdly, 

this study only investigated changes in [Ca2+]i as a measure of mechanotransduction 

during estrogen deficiency as it was not possible to retrieve sufficient culture media 

or cells from the microfluidic devices for analysis of other mechanotransduction 

proteins or gene expression. However, [Ca2+]i is one of the foremost 

mechanobiological responses but other studies in the group have already demonstrated 

downstream changes in PGE2, COX-2, RANKL and OPG in osteoblasts and 

osteocytes during estrogen deficiency (Geoghegan et al., 2019a, Allison and 

McNamara, 2019, Deepak et al., 2017). It should be noted that this is the first study to 

report the effect of estrogen deficiency upon intercellular communication between 

osteocytes and osteoblasts. Future studies could explore means of extracting cells or 

pooling the supernatant from different devices to study the effect of estrogen 

deficiency upon intercellular communication of paracrine factors, such as those 

governing bone formation and bone resorption.  

A 2 Pa shear stress was used to load cells compared to 1 Pa as in previous 

studies (Chapter 3 and 4) in order to use the validated device design (discussed in 

section 5.2.6) and attain good OFF flow rate resolution; moreover, 2 Pa is well within 

the physiological range of 0.8-5 Pa (Weinbaum et al., 1994, Price et al., 2011). Here 

it is reported for the first time that during post-menopausal estrogen deficiency, [Ca2+]i 

peaks in MLO-Y4 cells when cultured with MC3T3-E1 cells, are higher than with 

estrogen. On the contrary, a previous study had shown that [Ca2+]i peaks in estrogen 

deficient or estrogen withdrawal osteocytes were lowered when compared to those 

with estrogen (Deepak et al., 2017). These differences in outcomes may be surprising 

at first but may be explained due to different experimental approaches. While Deepak 

et al. used a parallel plate flow chamber to mechanically stimulate MLO-Y4 cells at a 
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macro level and induce the [Ca2+]i response, here a microfluidic approach is 

undertaken to elicit [Ca2+]i responses in osteocytes. Moreover, in this study MC3T3-

E1 cells are also cultured in the same vicinity as MLO-Y4 cells to account for 

biochemical signal exchange to study intercellular communication, whereas in Deepak 

et al. only MLO-Y4 cells were present. Thus, the physical presence of the osteoblasts 

might affect the manner by which the osteocytes respond to mechanical stimulation 

under estrogen deficiency. Another interesting feature of this study is that it 

incorporates mechanical stimulation by a combination of steady and oscillatory flow, 

whereas Deepak et al. incorporated oscillatory flow regime only. The main advantage 

of the study presented here is that, although mechanical stimulation was applied to 

MLO-Y4 cells only, narrow side channels were present to allow intercellular 

communication from stimulated osteocytes to unstimulated osteoblasts, such as 

transportation of calcium ions and ATP. Although it has been reported that osteocytes 

are more sensitive to steady flow than oscillatory flow in terms of their [Ca2+]i intensity 

and number of repetitive peaks (Lu et al., 2012a), no significant changes in [Ca2+]i 

response were observed when the flow profile changed from steady to oscillatory. It 

should be noted their study captured the [Ca2+]i response by osteocytes for a total of 9 

minutes, preceded by a 1 minute of baseline, whereas the study presented here 

examined the [Ca2+]i response for 1 second of steady flow followed by 5 seconds of 

OFF. The current study shows that when [Ca2+]i signalling is induced upon 

mechanically stimulating osteocytes intercellular communication allows these signals 

to cause a corresponding [Ca2+]i response in osteoblasts.  

It has been established that mechanically stimulated osteocytes and osteoblasts 

communicate through gap junctions (Taylor et al., 2007, Donahue et al., 1996, Alford 

et al., 2003). Previously it was demonstrated that mechanically stimulating osteocytes 

(0.44 Pa) in the presence of osteoblasts increases the number of gap junctions in 

osteocytes, but also increases the proliferation and ALP activity of osteoblasts (Taylor 

et al., 2007).Thus mechanically stimulated osteocytes, which are the main 

mechanosensors in bone, elicit a response in osteoblasts to loading that is not directly 

acting upon those osteoblasts. Intercellular communication between osteocytes and 

osteoblasts can not only occur through gap junctions but also through an ATP-

dependent mechanism (Taylor et al., 2007, Huo et al., 2010) whereby extracellular 
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ATP activates P2Y receptors regulating the production of IP3, which binds with 

receptors on ER membrane to release Ca2+ (Lu et al., 2012b, Lu et al., 2012a). The 

study presented here is the first to investigate how fluid shear stress induced [Ca2+]i 

signalling in osteocytes influences [Ca2+]i in osteoblasts during estrogen deficiency 

while they are separated by narrow side channels. Since no direct contact occurs 

between MC3T3-E1 cells and MLO-Y4 cells in the microfluidic devices used in this 

study, we propose that an ATP-dependent mechanism might be regulating the 

intercellular communication amongst different channels.  

A very recent study (Geoghegan et al., 2019a) has reported that during estrogen 

deficiency, focal adhesions and αvβ3 distribution are altered in osteocytes, ultimately 

increasing the RANKL/OPG ratio and impairing COX-2 responses. COX-2 

expression, linked to PGE2 release, and focal adhesions play a significant role in bone 

remodelling upon mechanical stimulation of bone cells  (Klein Nulend et al., 1995, 

Forwood, 1996, M Norvell et al., 2004, Kamel et al., 2010, Bakker et al., 2001, Ponik 

and Pavalko, 2004), and blockers of  Ca2+ efflux from the ER and influx from 

extracellular environment have been shown to suppress flow-induced  PGE2 levels 

(Ajubi et al., 1999). The contradictory findings of attenuated COX-2 and associated 

cytoskeleton occurring downstream (Geoghegan et al., 2019a) compared to the 

increased Ca2+ signalling reported in the current study, might indicate that Ca2+  

changes in osteocytes might be transient and that the presence of osteoblasts in the 

vicinity might influence the impaired mechanobiological responses. Similarly, altered 

intracellular Ca2+ levels in osteocytes and osteoblasts during estrogen deficiency could 

explain enhanced osteoclast differentiation (Takami et al., 1997) as upregulated 

RANKL/OPG, indicative of a pro-osteoclastogenic response, are associated with 

increased levels of intracellular Ca2+.  The study presented in this chapter can predict 

that estrogen deficiency induced hypersensitivity of osteocytes could impact the rate 

of bone remodelling during osteoporosis, through altered intercellular communication, 

which will ultimately affect osteoclast or osteoblast functionality.  

Here, in this study, an advanced understanding of altered mechanobiology of 

osteocytes and osteoblasts during estrogen deficiency is provided. It can now be said  

that not only osteocytes show altered response to mechanical loading during estrogen 
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deficiency, but this altered response might also elicit changes in calcium signalling in 

osteoblasts, which play a direct role in bone formation. Osteocyte mediated [Ca2+]i 

changes in osteoblasts in the present study can be explained by synergistic exchange 

of biochemical secretions in culture media facilitated by narrow side channels, which 

may to some extent mimic the extracellular fluid allowing exchange of ATP and ions 

such as calcium, sodium and potassium. Future studies could use this microfluidic 

approach to investigate alterations in gap junctions or ATP release under estrogen 

deficiency to identify the exact mechanism by which alterations in intracellular Ca2+ 

level take place and how these signals are communicated amongst different cell 

populations in vitro. The insight gained through such studies will help elucidate in 

detail in vivo events during estrogen deficiency. It would also be interesting to 

investigate osteocytes, osteoblasts and osteoclasts together in a three-channel device 

and, since all important parameters and flow profiles have been validated in this study, 

a microfluidic approach could be implemented to investigate alterations in other 

indicators of mechanotransduction, such as cytoskeleton organisation, PGE2 and 

COX-2. 

5.5 Conclusion 

In conclusion, it is reported here that during estrogen deficiency, MLO-Y4 cells 

exhibit immediate and enhanced [Ca2+]i peak in response to fluid flow induced shear 

stress. For the first time, it is shown that these estrogen deficiency driven changes in 

MLO-Y4 cells trigger impaired [Ca2+]i signalling in MC3T3-E1 cells. Hence, this 

study provides evidence of altered osteocyte mechanosensitivity and inter-cellular 

communication with osteoblasts during early estrogen deficiency.
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6 Chapter 6: Discussion and 

Conclusion 

6.1 Introduction 

This chapter summarises the main findings of the thesis, drawing together the insight 

obtained from the in vitro studies undertaken to provide a deeper understanding of 

cellular mechanobiology in bone during estrogen deficiency. The results from each 

study are summarised in Section 6.2, and their contribution to advancing the field of 

bone mechanobiology, specifically during estrogen deficiency representative of 

postmenopausal osteoporosis, are described graphically in Figure 6.3. Section 6.3 

discusses the main findings of the thesis in the context of the implications for the field 

of cellular mechanobiology in further detail. Finally, recommendations for future work 

to be conducted are described in section 6.4. 

6.2 Main findings of the thesis 

The research studies discussed in this thesis have delineated mechanobiological 

responses by osteoblasts and osteocytes arising during estrogen deficiency. Using 2D 

in vitro cell culture and a parallel plate flow chamber for mechanical stimulation, 

Chapter 3 investigated osteoblast mechanobiology during estrogen deficiency. Using 

a combination of conditioned media and co-culture techniques, Chapter 4 sought to 

understand changes in osteocyte mechanobiology during estrogen deficiency, as well 

as investigated associated changes in the ability of osteocytes to drive 

osteoclastogenesis. Moreover, in Chapter 3 and Chapter 4, ROCK-II inhibition was 

studied to establish whether it could revert the altered mechanobiological responses 

by osteoblasts and osteocytes during estrogen deficiency. In Chapter 5 a microfluidic 

approach was applied to investigate the effect of estrogen deficiency on [Ca2+]i  

signalling in osteocytes exposed to mechanical stimulation, and the osteocyte-

mediated [Ca2+]i response in osteoblasts was captured. Each of these studies is 
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discussed below in light of the hypotheses that underpin the research conducted in this 

thesis.  

Hypothesis 1: Impaired mechanobiological responses occur in early estrogen 

deficient osteoblasts and can be suppressed by ROCK-II inhibition 

The first study of this thesis, as described in Chapter 3, found that mechanobiological 

responses (Prostaglandin E2 release, Runt-related transcription factor 2 and 

Osteopontin gene expression) were significantly elevated during estrogen deficiency. 

The study also investigated whether an inhibitor of the Rho-ROCK signalling pathway 

can revert these altered mechanobiological responses. The results of this study reveal 

that elevated Prostaglandin E2 release, Runt-related transcription factor 2 and 

Osteopontin gene expression were decreased when estrogen deficient cells were 

treated with the ROCK-II inhibitor. Hence, the study confirms the first hypothesis that 

impaired mechanobiological responses in early estrogen deficient osteoblasts can be 

suppressed by ROCK-II inhibition.  

Hypothesis 2: Osteocyte-mediated osteoclastogenesis is altered during estrogen 

deficiency and altered pro-osteoclast gene expressions in osteocytes can be 

reverted by ROCK-II inhibition 

The second study of this research thesis, as described in Chapter 4, sought to 

understand how mechanobiological changes in osteocytes play a role in 

osteoclastogenesis during early estrogen deficiency. For this purpose, a simple in vitro 

multicellular niche that recapitulated paracrine cell-cell signalling between osteocytes, 

osteoblasts and osteoclasts was developed. The results from this study revealed that 

mechanically stimulated osteocytes that underwent estrogen deficiency exhibited 

increased levels of RANKL and M-CSF gene expression. This gene expression profile 

is indicative that these estrogen deficient osteocytes have the potential to produce pro-

osteoclastogenic proteins and thereby paracrinally enhance osteoclast differentiation. 

Moreover, this study revealed that there was an increase in the area covered by 

osteoclasts when receiving conditioned media from estrogen deficient osteocytes. 

Chapter 4 also sought to determine whether ROCK-II inhibition in osteocytes can 

revert these altered mechanobiological responses during estrogen deficiency. The 
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results of the study revealed that ROCK-II inhibition decreased pro-osteoclastogenic 

gene expression in osteocytes under estrogen deficient conditions. However, this 

inhibition did not ultimately reduce differentiation of osteoclast precursors. Indeed, 

TRAP and CTSK gene expression in osteoclast precursors were upregulated, and there 

was a trend towards an increase in osteoclast area, which may have been influenced 

by static osteoblasts, which were included in the niche. Interestingly, no effect of 

ROCK-II inhibition was observed during continuous treatment with estrogen 

representative of pre-menopausal conditions. The study confirmed the second 

hypothesis that osteocyte-mediated osteoclastogenesis is altered during estrogen 

deficiency and pro-osteoclast gene expression in osteocytes can be reverted by ROCK-

II inhibition. 

Hypothesis 3: Osteocyte-mediated calcium signalling in osteoblasts is altered 

during estrogen deficiency  

The third study of this thesis, presented in Chapter 5, applied a microfluidic approach 

to study calcium oscillations in mechanically stimulated osteocytes during estrogen 

deficiency, and the effect of these osteocytes on calcium signalling in osteoblasts 

cultured in their vicinity. The main results from this study revealed that calcium ion 

response to flow by mechanically stimulated osteocytes was enhanced during estrogen 

deficiency. These estrogen deficiency driven mechanobiological changes in 

osteocytes lead to attenuated calcium response in osteoblasts that interacted with these 

cells. Hence, the findings of this study validate the hypothesis that osteocyte-mediated 

calcium signalling in osteoblasts is altered during estrogen deficiency.  

Figure 6.1 pictorially describes how the studies of the thesis represent 

osteocytes, osteoblasts and osteoclasts in vivo. In chapter 3, oscillatory fluid flow was 

used to study altered mechanobiological responses by osteoblasts during estrogen 

deficiency and under ROCK inhibition. In chapter 4, only osteocytes were 

mechanically stimulated to study biochemical responses governing osteoclastogenesis 

under estrogen deficiency and ROCK inhibition. These biochemical responses were 

captured in conditioned media and administered to pre-osteoclasts and osteoblasts 

cultured in the same niche. In chapter 5, a microfluidic approach was undertaken 
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where interaction between osteocytes and osteoblasts, both cultured in the same niche, 

was studied. Here only osteocytes were mechanically stimulated to capture the 

osteocyte induced calcium ion responses in osteoblasts, particularly during estrogen 

deficiency. 

 

Figure 6.1: A pictorial representation of the chapters reporting different studies and 

how they represent parts of a typical bone multicellular unit.  

Given the bone formation role of osteoblasts, it is interesting that mechanically 

stimulated and estrogen deficient osteoblasts exhibited altered PGE2, RUNX-2 and 

OPN levels, see Figure 6.2. Moreover, mechanically stimulated osteocytes during 

estrogen deficiency resulted in enhanced RANKL and M-CSF expression, which 

suggests the potential for a change in osteocyte-mediated osteoclastogenesis during 

osteoporosis. Osteocyte mediated enhanced calcium fluxes in osteoblasts were also 

altered, which may be indicative of impaired intercellular communication between 

these cells in an estrogen deficient environment. The effects of ROCK inhibition on 

altered mechanobiology was explored. Overall, this thesis demonstrates that 

mechanobiological responses of osteoblasts and osteocytes are impaired during early 

estrogen deficiency, and that inhibition of ROCK-II attenuates these impaired 

mechanobiological responses to a certain degree. 
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Figure 6.2: A pictorial representation of the main findings of the thesis, with respect 

to the influence of estrogen deficiency on osteoblast and osteocyte mechanobiology, 

and the effect of ROCK inhibition during estrogen deficiency. 

6.3 Insight into bone mechanobiology during estrogen deficiency 

Bisphosphonate drugs target bone resorption by inducing osteoclast apoptosis, but 

such drugs only prevent fracture in 50% of cases as they are unable to build the lost 

bone (Reginster et al., 2000, Russell et al., 2008, Suen and Qin, 2016). Several studies 

have demonstrated that altered mechanical properties, heterogeneous mineralization 

and altered composition occur at the bone tissue level during estrogen deficiency 

(Brennan et al., 2011c, Brennan et al., 2011a, Brennan et al., 2012b, Brennan et al., 

2014, McNamara et al., 2005, McNamara et al., 2006). Estrogen deficiency alters the 

bone metabolic activity. A previous study showed that parietal bones from OVX rats 

released higher levels of PGE2 than sham rats, and that injecting 17β-estradiol in vivo 

significantly reduced the PGE2 levels in OVX animals, but in vitro treatment of 

parietal bone sections from OVX rats did not decrease PGE2 production (Feyen and 

Raisz, 1987). Most interestingly it has been reported that osteoblast activity is also 
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altered during estrogen deficiency. In particular, osteoblasts from osteoporotic human 

donors demonstrated deficient responses to pulsating fluid-flow induced shear stress, 

in terms of PGE2 release 24 h post-mechanical stimulation (Sterck et al., 1998). More 

recently, in vitro studies revealed that osteoblasts exhibited enhanced ALP production 

and mineralization in response to estrogen withdrawal and that these might ultimately 

cause tissue level changes such as altered mineralization and composition (Brennan, 

2014, Brennan et al., 2014). Moreover, administration of 17β-estradiol to osteocytes 

in vitro induces pro-survival effects through extracellular signal-regulated kinases 

(Marathe et al., 2012, Plotkin et al., 2005), whereas both ovariectomy-induced 

estrogen deficiency in mice and ovine models and estrogen withdrawal from 

osteocytes, accustomed to the treatment of 17β-estradiol, exacerbated osteocyte 

apoptosis  (Brennan et al., 2011b, Brennan, 2014, Emerton et al., 2008). However, the 

influence of the hormonal reduction in estrogen that occurs at the onset of 

postmenopausal osteoporosis on osteocytes and osteoblasts mechanobiology, is not 

yet well understood. Since osteocytes and osteoblasts both act as mechanosensors in 

bone, and both regulate osteoclastogenesis through the production of RANKL, OPG 

and M-CSF, an enhanced understanding of the mechanobiological responses of these 

cells during early estrogen deficiency, and their influence on bone resorbing 

osteoclasts, is required.  

The effects of estrogen deficiency on bone biology and biomechanics are not 

restricted to osteoclasts and bone resorption. Figure 6.3 shows the flow chart 

indicating relevant literature that preceded the research studies conducted as a part of 

this thesis, ultimately leading to advancement in the field of osteoporosis. It has been 

widely reported that estrogen modulates the responsiveness of bone cells to fluid flow 

induced shear stress and mechanical strain (Bakker et al., 2005, Joldersma et al., 2001, 

Yeh et al., 2010, Damien et al., 1998, Cheng et al., 2002) and thereby, enhances 

osteoblast differentiation and bone formation. Furthermore, osteogenic differentiation 

of MSCs is also regulated by stimulating Rho-A and its downstream target ROCK, 

which regulate actin cytoskeletal tension (Arnsdorf et al., 2009). Modulated by 

purinergic P2Y2 receptors in pre-osteoblasts, in response to fluid flow, this actin stress 

fibre formation is regulated through downstream activation of the Rho-ROCK 

pathway (Gardinier et al., 2014). Although such studies provided evidence that ROCK 
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plays an important role in regulating osteogenic differentiation and mechanobiological 

responses, whether ROCK- modulates these during early phase of estrogen deficiency, 

remained poorly understood. The discoveries from Chapter 3 provided a novel insight 

into changes in osteoblast mechanobiology during estrogen deficiency and revealed 

that treatment with ROCK-II inhibition can suppress these changes. Specifically, 

osteoblasts exhibited elevated biochemical metabolism and osteogenic differentiation 

responses during early estrogen hormonal deficiency, as indicated by enhanced 

Prostaglandin E2 release (PGE2), Runt-related transcription factor 2 (RUNX-2) and 

Osteopontin (OPN) gene expression. Together, the conclusions of Chapter 3 and the 

preceding literature indicate that PGE2 release and mechanobiology may be altered 

during the different stages of osteoporosis. Changes in OPN expression, RUNX-2 and 

ALP activity might reflect that the cells are at a later differentiation stage, and also 

might alter the osteoblast - osteoclast interaction in vivo. Interestingly, for the first 

time the studies of this thesis reveal that this hyper mechanoresponsiveness, exhibited 

by enhanced PGE2,  RUNX-2 and OPN levels, is suppressed upon inhibition of ROCK-

II and so Rho-ROCK signalling may be regulating mechanotransduction in osteoblasts 

during estrogen deficiency.  

Although osteocyte mechanosensation, osteoblast bone formation and osteoclast 

bone resorption all depend on biochemical signals from each other, and are intricately 

linked to the mechanical environment, how these responses are altered during estrogen 

deficiency remains unknown. Osteocytes regulate osteoclast activity through 

including Sclerostin, Receptor activator of nuclear factor kB ligand (RANKL), 

Osteoprotegerin (OPG) and Macrophage-Colony Stimulating Factor (M-CSF) (Zhao 

et al., 2002, Xiong et al., 2011). At the onset of postmenopausal osteoporosis enhanced 

osteoclastogenesis, resulting in increased bone resorption by osteoclasts, leads to 

dramatic bone loss and ultimately fractures (Riggs and Melton Iii, 1995, Riggs et al., 

1998, Riggs, 2000, Riggs et al., 2009, Pacifici, 1996, Manolagas, 2000). Yet, how 

mechanically stimulated osteocytes mediate osteoclastogenesis during estrogen 

deficiency, in the presence of osteoblasts, is not fully understood and this underpinned 

the studies described in Chapter 4, see Figure 6.1. Here an in vitro multicellular niche 

was developed to study paracrine signalling during estrogen deficiency from 

mechanically stimulated osteocytes, in the presence of the synergistic effects of 
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osteoblasts, on osteoclastogenesis. The results showed that mechanically stimulated 

estrogen deficient osteocytes exhibit increased levels of RANKL and M-CSF gene 

expression, and paracrinally altered osteoclast differentiation. Most interestingly, it 

was shown that ROCK-II inhibition in osteocytes has the potential to circumvent 

osteocyte-mediated increases in gene expression associated with paracrine factors for 

bone resorption during estrogen deficiency. However, this approach did not ultimately 

inhibit osteoclast differentiation.  

The outcomes of the studies reported in Chapter 3 and Chapter 4 confirmed 

that mechanobiology of osteoblasts and osteocytes is altered during early estrogen 

deficiency and that ROCK-II inhibition has the potential to suppress these changes. 

Previously, it was shown that fluid flow induced Ca2+ oscillations are attenuated in an 

in vitro models of estrogen deficiency (Deepak et al., 2017), which might have led to 

upregulated  RANKL/OPG ratio and downregulated COX-2 levels in osteocytes, 

downstream through the reduction in focal adhesion area and αvβ3 at these sites 

(Geoghegan et al., 2019a). Osteocytes communicate with nearby osteocytes or other 

non-osteocyte cells in the bone multi-cellular niche via their dendritic networks, 

lacunar-canalicular channels, gap junctions and release of paracrine factors (Donahue 

et al., 1996, Saunders et al., 2001, Alford et al., 2003, Taylor et al., 2007). Thus, it is 

necessary to study the effect of altered mechanobiology of the osteocytes, on 

osteoblasts, in the same niche to explore an in vivo like environment. Calcium ion 

(Ca2+) oscillations in cells are amongst the very first mechanobiological responses 

which occur. However, how the altered responses by osteocytes affect the osteoblasts 

in the same niche remained to be researched (see Figure 6.3). In Chapter 5, the effect 

of calcium oscillations, induced via mechanically stimulating the osteocytes during 

estrogen deficiency, on calcium signalling in osteoblasts grown in the vicinity of 

osteocytes, was investigated. Here, a microfluidic approach was applied to allow more 

than one cell type to be examined in real time and provide an in vitro representation 

of the intercellular communication between osteoblasts and osteocytes through the 

lacunar-canalicular network by incorporating side channels connecting the main 

channels. The results here revealed that osteocytes exhibit enhanced calcium peaks in 

response to flow during estrogen deficiency. Interestingly, these estrogen deficiency 

driven changes in osteocytes further triggered altered calcium signalling in osteoblasts 
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cultured in their vicinity. Altogether, this thesis provides evidence that the 

mechanobiological responses of osteoblasts and osteocytes are altered during the early 

phase of estrogen deficiency, and that ROCK-II inhibition does carry a potential to 

circumvent the altered mechanobiology in vitro. 

 

Figure 6.3: Flow chart representing preceding studies and advancements in the field 

of bone mechanobiology through the research studies reported in this thesis.  

6.4 Implications for understanding and treating the disease of 

osteoporosis 

This thesis provides a deeper understanding of the mechanobiology of osteocytes and 

osteoblasts during early estrogen deficiency, which will underpin the future research 

necessary in the development of more efficient therapeutics. The novel finding of this 

thesis is the hyper mechanoresponsiveness of osteoblasts and osteocytes during early 

estrogen deficiency. Furthermore, it is concluded that ROCK-II inhibition may 

suppress such altered gene expressions and biochemical secretions by osteoblasts and 

osteocytes, which otherwise might contribute to bone loss during early estrogen 

deficiency. The overall significance of these findings is that the altered bone 

remodelling during estrogen deficiency is possibly governed by the altered osteoblast 

and osteocyte mechanobiology, and the altered intercellular communication  in vivo. 

While impaired mechanobiological responses may lead to altered biochemical and 

metabolic responses in vivo, the altered intercellular communication amongst bone 
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cells may affect bone cell survival, osteogenic differentiation, and osteoblast and 

osteoclast recruitment, subsequently affecting bone remodelling frequency in vivo. 

Current measures to manage osteoporosis include lifestyle interventions, such 

as exercise, and clinically available medicines, in particular hormone replacement 

therapy and bisphosphonates. Hormone replacement therapy involves administration 

of estrogen to slow down the bone resorption by regulating RANKL/OPG ratio and 

decreasing M-CSF (Riggs, 2000, Gennari et al., 2010, Uddin et al., 2018). 

Bisphosphonates are anti-resorptive drugs that inhibit bone resorption by inducing 

osteoclast apoptosis, but only prevent fracture in 50% of cases (Reginster et al., 2000, 

Russell et al., 2008, Suen and Qin, 2016). Hence, alternative treatment options are 

required. 

Recent studies have investigated therapies that target biochemical secretion of 

mechanotransduction proteins such as sclerostin, which inhibit bone formation (Poole 

et al., 2005) by antagonizing the canonical Wnt/β-catenin signalling pathway (Lin et 

al., 2009). Clinical trials with Romozosumab, a sclerostin antibody, showed a positive 

effect in reducing fracture risk up to 42% compared to placebo over a treatment of 12 

months period [112] (Cosman et al., 2016). Given the role of osteocytes and 

osteoblasts in regulating osteoclast activity, this PhD research confirms that altered 

mechanobiology of these cells play a role in the bone loss cascade. Hence, if these 

altered mechanobiology responses are targeted at the early onset of osteoporosis, it 

may be a more efficient technique in the management of osteoporosis. This thesis 

presents a need for the mechanobiology based approach for the treatment of 

osteoporosis and indicates that ROCK-II inhibition may carry a therapeutic potential 

for the altered osteoblast and osteocyte mechanobiological responses during early 

estrogen deficiency phase of the disease. However, since Rho-ROCK signalling 

negatively regulates osteoblast mediated osteoclast differentiation (Allison and 

McNamara, 2019), it is proposed that further research be conducted to examine the 

effect of ROCK inhibition in biochemical communication amongst bone cells during 

estrogen deficiency.  
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This research might underpin future research regarding mechanisms and 

therapeutics for osteoporosis. Fasudil is the only ROCK inhibitor drug available 

clinically, which is used to treat vasospasm in patients with subarachnoid 

haemorrhage. SNJ-1656, another ROCK inhibitor, is a safe topical agent in reducing 

the Intraocular pressure (IOP) in human eyes, thereby controlling the symptoms of 

glaucoma i.e. high IOP (Tanihara, 2008). Unlike Fasudil, Y-27632, another ROCK 

inhibitor, promotes optic nerve regeneration in adult cats (Ichikawa et al., 2008) and 

has been studied to treat vascular proliferative disorders and hypertension in rats 

(Sawada, 2000). In combination with ciliary neurotrophic factor, Y-27632 has been 

shown to be beneficial in acquiring the survival and regeneration of neurites and it was 

revealed that the two together play a major role in survival of lesioned adult central 

nervous system neurons (Lingor, 2008). Y-27632 treatment has decreased migration 

and morphological changes in human multiple myeloma cells, by suppressing tumour 

cell invasion (Imamura, 2000). Since ROCKs are multifunctional kinases, ROCK 

inhibition has been studied in several pathological models, however, it has never been 

explored in osteoporotic conditions.  

This thesis presents the very first attempt made at examining the direct effects 

of ROCK-II inhibition in osteocyte and osteoblast mechanobiology. Rho-ROCK 

signalling induces osteogenic differentiation of MSCs upon exposure to fluid flow 

(Arnsdorf et al., 2009) and rearranges actin cytoskeleton in osteoblasts in response to 

fluid flow induced shear stress modulating mechanosensitivity and osteogenic gene 

expression (Gardinier et al., 2014). Rho-ROCK is known to be a negative regulator of 

osteoblast mediated osteoclastogenesis, by suppressing the increase in RANKL 

mRNA and decrease in OPG mRNA levels (Wang and Stern, 2010, Allison and 

McNamara, 2019). Treatment of RAW264.7 cells with Y27632 revealed that Rho-

ROCK signalling is a negative regulator of osteoclast size  (Takito et al., 2015). Since 

ROCK positively regulates osteogenic differentiation but negatively regulates 

osteoclast differentiation, ROCK inhibition could lead to abrogated bone remodelling 

resulting in abnormal levels of bone growth. However, clinical applications of the 

ROCK inhibitor in the treatment of bone diseases such as postmenopausal 

osteoporosis would require a large body of additional research to provide a thorough 

understanding of its effects both systemically and locally.  
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6.5 Future Work Recommendations 

This thesis provides a novel understanding of the altered mechanobiology of 

osteoblasts and osteocytes during the early estrogen deficiency phase of osteoporosis 

and presents a need for the development of therapeutics that target altered 

mechanobiology. Based on the findings presented here, the following 

recommendations are made for the future research: 

6.5.1 Bone formation and bone resorption in a bone multicellular niche  

Chapter 5 applies a microfluidics approach to study more than one cell type in real 

time in order to analyse the mechanobiological responses in real time. As a part of this 

thesis, only calcium signalling is studied in osteocytes and osteoblasts, whereas the 

device has the capacity to include three cell types, one in each channel, as in 

(Middleton et al., 2017a, Middleton et al., 2017b). Firstly, now that it is known from 

results presented in Chapter 5 that estrogen deficiency altered the osteocyte induced 

calcium signalling in osteoblasts, osteoclasts could next be incorporated in the system 

to study the effects of altered osteoblast and osteocyte mechanobiology on bone 

formation and bone resorption when osteoblasts, osteocytes and osteoclasts are all 

allowed to interact in the same vicinity. Given the longer culture periods for osteoclast 

differentiation, it is recommended to optimise the media concentrations, dynamic flow 

profiles and use automated system for seeding the device, rather than manually as 

described in Chapter 5. Secondly, apart from calcium signalling, other 

mechanotransduction events such as changes in cytoskeleton organisation, PGE2 and 

COX-2 in osteocytes, osteoblasts and osteoclasts should be examined during early 

estrogen deficiency phase of osteoporosis using the microfluidics approach. 

6.5.2 ROCK inhibition in osteocytes, osteoblasts and osteoclasts 

A typical bone multicellular niche includes mesenchymal stem cells, osteoblasts, 

osteocytes, and osteoclasts. Arnsdorf et al., showed that osteogenic differentiation of 

mechanically stimulated mesenchymal stem cells depend on activation of Rho-ROCK 
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signalling (Arnsdorf et al., 2009). Gardinier et al., showed that osteoblast 

mechanosensitivity to fluid flow is regulated by Rho-ROCK signalling through P2Y2 

receptors (Gardinier et al., 2014). Chapter 3 in this thesis confirms that the enhanced 

mechano-responsiveness in osteoblasts during estrogen deficiency is suppressed upon 

ROCK inhibition and Chapter 4 confirms that enhanced pro-osteoclast factors by 

mechanically stimulated osteocytes during estrogen deficiency are also suppressed by 

ROCK inhibition but this did not inhibit osteoclast differentiation. However, direct 

inhibition of ROCK in osteoclasts under estrogen deficiency have not been studied but 

would add deeply to the understanding of the involvement of ROCK in physiology of 

each cell type involved in the bone multicellular niche. Furthermore, it is 

recommended to explore the mechanisms under which the altered mechanobiology 

effects from ROCK inhibition are seen in this thesis. 

6.5.3 Bone mineralization and mechanical properties under ROCK inhibition 

Previous studies have shown increased mineral content, stiffness and yield strength at 

the tissue level in ovariectomized in vivo models (McNamara et al., 2006, McNamara 

et al., 2005). These changes have been proposed to arise as a result of altered 

mechanobiology and thus may be suppressed by ROCK inhibition, as presented by the 

studies conducted as a part of this thesis. However, animal studies using the ROCK 

inhibitor to examine its effect on bone mineralization and mechanical properties 

during postmenopausal osteoporosis would require a large body of additional research 

to provide a thorough understanding of its effects both systemically and locally. 

Firstly, targeting the altered mineralization by osteoblasts, in vitro, using ROCK 

inhibitor and examining whether the effect of inhibitor treatment is a dosage dependent 

response, would be a good approach. Next, after establishing the solid conclusions 

from these proposed studies, side-effects of different dosage or different modes of 

delivery of ROCK inhibitor (systemic or local) must be studied.  

6.6 Conclusion 

In conclusion, this thesis reports in vitro studies conducted throughout the course of 

this PhD to investigate the altered mechanobiology of bone cells during early phase of 
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estrogen deficiency in osteoporosis. Main focus was on the responsiveness of 

osteoblasts and osteocytes to mechanical loading. Chapter 1 of the thesis described the 

research hypotheses and a comprehensive literature review, as presented in Chapter 2, 

provided a detailed rational behind the formation of each hypothesis. Outcomes and 

implications from each study have been described in Chapters 3-5. As pictorially 

explained in Figure 6.1, Chapter 3 included osteoblasts and their response to loading 

during estrogen deficiency, Chapter 4 included osteocytes, osteoclasts as well as 

osteoblasts and eventually Chapter 5 included osteocytes and osteoblasts only. 

Overall, through several studies, this PhD thesis adds to the existing scientific 

knowledge of the mechanobiology of mechanosensory bone cells and their 

communication in a typical bone multicellular unit, specifically during estrogen 

deficiency.  
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7 Chapter 7: Appendix 

7.1 Supplementary Figures 

 

Figure 7.1: Mechanobiological responses of MC3T3-E1 cells (n=6) cultured under 

control (Ctrl) and with estrogen (E) conditions in response to ROCK-II inhibition. 

MC3T3-E1 cells were treated cultured with ROCK-II inhibitor (Y-27632, 10 µM, 1 h) 

and Oscillatory fluid flow (OFF) was applied for 1 h to generate a shear stress of 1 

Pa onto the cells. All the groups were analysed for their (A) Deoxyribonucleic Acid 

(DNA) content, (B) release of Prostaglandin E2 (PGE2), and (C) ALP Activity. Error 

bars represent mean ± SEM. 
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Figure 7.2: Mechanobiological responses of MC3T3-E1 cells (n=6) cultured under 

control (Ctrl) and with estrogen (E) conditions in response to ROCK-II inhibition. 

MC3T3-E1 cells were treated cultured with ROCK-II inhibitor (Y-27632, 10 µM, 1 h) 

in static conditions. All the groups were analysed for their (A) Deoxyribonucleic Acid 

(DNA) content, (B) Prostaglandin E2 (PGE2) release, (C) ALP Activity, and (D) Fibril 

Anisotropy. (E) Representative confocal images for the different conditions 

representing the actin cytoskeleton (pseudo-coloured in green) and the nuclei 

(pseudo-coloured in magenta). Error bars represent mean ± SEM. Scale bar 

represents 20 µm. 
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Figure 7.3: Mechanobiological responses of MC3T3-E1 cells (n=6) cultured with 

estrogen (E) and with estrogen deficiency (ED) in response to ROCK-II inhibition in 

static conditions. MC3T3-E1 cells were treated cultured with ROCK-II inhibitor (Y-

27632, 10 µM, 1 h). , All the groups were analysed for their (A) Deoxyribonucleic 

Acid (DNA) content, (B) release of Prostaglandin E2 (PGE2), (C) ALP Activity, and 

(D) Fibril Anisotropy. (E) Representative confocal images for the different conditions 

representing the actin cytoskeleton (pseudo-coloured in green) and the nuclei 

(pseudo-coloured in magenta). Error bars represent mean ± SEM. Scale bar 

represents 20 µm. 
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Figure 7.4: RANKL release by control (C) and estrogen (E) osteocyte groups (n=4) 

cultured under static (S) conditions (where no flow is applied) 

 

 

 

Figure 7.5: Osteoclastogenic factors by mechanically stimulated MLO-Y4 cells 

cultured under control (C) and Estrogen Deficient (ED) conditions (n=4). Bar charts 

represent mean ± sem. 
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Figure 7.6: TRAP Activity of RAW264.7 cells (n=8) when they were cultured as 

RAW264.7 (cultured alone), MC3T3-E1 (MC3T3-E1 + RAW264.7 only), C 

(RAW264.7 + MC3T3-E1 + conditioned medium from Control osteocytes), E 

(RAW264.7 + MC3T3-E1 + conditioned medium from Estrogen osteocytes) and ED 

(RAW264.7 + MC3T3-E1 + conditioned medium from Estrogen Deficient osteocytes). 

Bar chart represents mean ± sem. 
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7.2 Supplementary Material 

A schematic of the three channel device as obtained from You Lab is shown in Figure 

7.7. 

 

Figure 7.7: A Three-channel microfluidic PDMS schematic. (A) Top view of the device 

(Middleton et al., 2017b). (B) Elaborated view of the channels and side channels in 

the device. Blue colour in this figure represents culture media.  

To examine mixing between channels, orange dye and green dye were injected 

into two channels of the microfluidic device using two separate 5ml syringes manually 

(Figure 7.8), where the third channel was blocked. Distinct dye colours were seen 

inside the main cell culture channels with no mixing of the dyes from one channel to 

another. It is also important to note here although orange dye was seen in the blocked 

channel as well, only 2 channels were used to seed MC3T3-E1 and MLO-Y4 cells for 

later experiments. It is also noteworthy that stains on the tissue underneath the device 

are visible in the picture. Hence, leakage from channel where dye was injected to the 

blocked channel, did not affect the connection between orange channel and green 

channel. 
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Figure 7.8 : Mixing between the channels was examined using orange and green dye 

where channel 2 is injected with orange dye and channel 3 is injected using green dye 

mimicking the seeding or mechanical loading of MC3T3-E1 cells and MLO-Y4 cells, 

respectively. Since Channel 1 is blocked during seeding, orange dye fills both channels 

1 and 2.  

To avoid leakage using tips due to breakage in PDMS, straight tips were used 

to punch holes into PDMS before bonding the PDMS to glass slide and 90° bent 

needles were used as inlets and outlets. Figure 7.9 shows the locations of leaks 

happening by using the 90 degree bent tips.  

Figure 7.10: PDMS glue and sections of tubes were used to secure the weaker 

connections and hence avoid leakage at these points shows how these locations of 

leaks were tackled in order to secure these connections and hence provide tighter 

connections (Figure 7.11).  
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Figure 7.9: A general schematic showing points of leakage from the 90° bent tip when 

connected with the microfluidic device 

 

 

 

Figure 7.10: PDMS glue and sections of tubes were used to secure the weaker 

connections and hence avoid leakage at these points 
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Figure 7.11: Inlet-outlet system used to ensure no leakage and bubble formation at 

the connections. 

Figure 7.12 shows the final set-up that was used for each device, this ensured 

no bubbles reached the channels by elevating the open end of the tube, which was 

connected to the filter and ensured enough gaseous exchange while inside the 

incubator. Also, no leakage was seen at the inlets and outlets owing to the strong 

connections at the angled tips.  

 

Figure 7.12: Final set up used for each device while the entire system is placed inside 

the incubator. 

Figure 7.13 shows the machines used as a part of the final device making and 

experiments. A vacuum pump (Figure 7.13A) was used to ensure no air bubbles 

existed while mixing the PDMS and curing agent to make the microfluidic device. A 

plasma bonding machine (Figure 7.13 B) required certain optimisation with respect to 
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the time the device remains inside to be bonded with the glass substrate, as mentioned 

in 5.2.3. A Harvard pump (Figure 7.13C) was used as described in Table 5.1. 

 

Figure 7.13: (A) Vacuum pump used in making devices. (B) Plasma bonding machine 

used to securely bond PDMS to glass substrate (C) Harvard Pump used to provide 

oscillatory flow inside the microfluidic channel 
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LAPPANO, R., ANDÒ, S., MAGGIOLINI, M. & PEZZI, V. 2008. 

The novel estrogen receptor, G protein-coupled receptor 30, 

mediates the proliferative effects induced by 17β-estradiol on 

mouse spermatogonial GC-1 cell line. Endocrinology, 149, 5043-

5051. 

SORDELLA, R. C., MARIE; HU, KANG-QUAN; MATHESON, 

STEPHEN F; BROUNS, MADELEINE R; FINE, BARRY; 

TAKAMI, HIROYA; YAMADA, YOSHIHIKO; SETTLEMAN, 

JEFFREY 2002. Modulation of CREB activity by the Rho GTPase 

regulates cell and organism size during mouse embryonic 

development. Developmental cell, 2, 553-565. 

SORDELLA, R. J., WEI; CHEN, GUANG-CHAO; CURTO, 

MARCELLO; SETTLEMAN, JEFFREY 2003. Modulation of Rho 

GTPase signaling regulates a switch between adipogenesis and 

myogenesis. Cell, 113, 147-158. 

SPOTILA, L. D., CONSTANTINOU, C. D., SEREDA, L., GANGULY, 

A., RIGGS, B. L. & PROCKOP, D. J. 1991. Mutation in a gene for 

type I procollagen (COL1A2) in a woman with postmenopausal 

osteoporosis: evidence for phenotypic and genotypic overlap with 

mild osteogenesis imperfecta. Proc Natl Acad Sci U S A, 88, 5423-

7. 

SRIVASTAVA, S., WEITZMANN, M. N., KIMBLE, R. B., RIZZO, M., 

ZAHNER, M., MILBRANDT, J., ROSS, F. P. & PACIFICI, R. 

1998. Estrogen blocks M-CSF gene expression and osteoclast 

formation by regulating phosphorylation of Egr-1 and its 

interaction with Sp-1. J Clin Invest, 102, 1850-9. 

STENBECK, G. Formation and function of the ruffled border in 

osteoclasts. 2002 2002. Elsevier, 285-292. 

STERCK, J. G. H., KLEIN-NULEND, J., LIPS, P. & BURGER, E. H. 

1998. Response of normal and osteoporotic human bone cells to 

mechanical stress in vitro. American Journal of Physiology - 

Endocrinology and Metabolism, 274, E1113-E1120. 

SUDO, H., KODAMA, H. A., AMAGAI, Y., YAMAMOTO, S. & 

KASAI, S. 1983. In vitro differentiation and calcification in a new 

clonal osteogenic cell line derived from newborn mouse calvaria. 

The Journal of cell biology, 96, 191-198. 

SUEN, P. K. & QIN, L. 2016. Sclerostin, an emerging therapeutic target 

for treating osteoporosis and osteoporotic fracture: A general 

review. Journal of Orthopaedic Translation, 4, 1-13. 

SUGAWARA, Y., ANDO, R., KAMIOKA, H., ISHIHARA, Y., 

MURSHID, S. A., HASHIMOTO, K., KATAOKA, N., 



 Appendix  

 

195 

 

 

TSUJIOKA, K., KAJIYA, F. & YAMASHIRO, T. 2008. The 

alteration of a mechanical property of bone cells during the process 

of changing from osteoblasts to osteocytes. Bone, 43, 19-24. 

SUMPIO, B. E., RILEY, J. T. & DARDIK, A. 2002. Cells in focus: 

endothelial cell. The international journal of biochemistry & cell 

biology, 34, 1508-1512. 

SURESH, E., PAZIANAS, M. & ABRAHAMSEN, B. 2013. Safety 

issues with bisphosphonate therapy for osteoporosis. 

Rheumatology, 53, 19-31. 

TAKAI, H., KANEMATSU, M., YANO, K., TSUDA, E., HIGASHIO, 

K., IKEDA, K., WATANABE, K. & YAMADA, Y. 1998. 

Transforming growth factor-β stimulates the production of 

osteoprotegerin/osteoclastogenesis inhibitory factor by bone 

marrow stromal cells. Journal of Biological Chemistry, 273, 27091-

27096. 

TAKAMI, M., WOO, J.-T., TAKAHASHI, N., SUDA, T. & NAGAI, K. 

1997. Ca2+-ATPase inhibitors and Ca2+-ionophore induce 

osteoclast-like cell formation in the cocultures of mouse bone 

marrow cells and calvarial cells. Biochemical and biophysical 

research communications, 237, 111-115. 

TAKITO, J., OTSUKA, H., YANAGISAWA, N., ARAI, H., SHIGA, M., 

INOUE, M., NONAKA, N. & NAKAMURA, M. 2015. Regulation 

of osteoclast multinucleation by the actin cytoskeleton signaling 

network. Journal of cellular physiology, 230, 395-405. 

TAN, S., KUIJPERS-JAGTMAN, A., SEMEINS, C., BRONCKERS, A., 

MALTHA, J., VON DEN HOFF, J., EVERTS, V. & KLEIN-

NULEND, J. 2006. Fluid shear stress inhibits TNFα-induced 

osteocyte apoptosis. Journal of dental research, 85, 905-909. 

TAN, S. D., DE VRIES, T. J., KUIJPERS-JAGTMAN, A. M., SEMEINS, 

C. M., EVERTS, V. & KLEIN-NULEND, J. 2007. Osteocytes 

subjected to fluid flow inhibit osteoclast formation and bone 

resorption. Bone, 41, 745-751. 

TANAKA, S., TAKAHASHI, N., UDAGAWA, N., TAMURA, T., 

AKATSU, T., STANLEY, E. R., KUROKAWA, T. & SUDA, T. 

1993. Macrophage colony-stimulating factor is indispensable for 

both proliferation and differentiation of osteoclast progenitors. J 

Clin Invest, 91, 257-63. 

TANIHARA, H. I., MASARU; HONJO, MEGUMI; TOKUSHIGE, 

HIDEKI; AZUMA, JUNICHI; ARAIE, MAKOTO 2008. 

Intraocular pressure–lowering effects and safety of topical 

administration of a selective ROCK inhibitor, SNJ-1656, in healthy 

volunteers. Archives of ophthalmology, 126, 309-315. 



 Appendix  

 

196 

 

 

TAYLOR, A. F., SAUNDERS, M. M., SHINGLE, D. L., CIMBALA, J. 

M., ZHOU, Z. & DONAHUE, H. J. 2007. Mechanically stimulated 

osteocytes regulate osteoblastic activity via gap junctions. 

American Journal of Physiology-Cell Physiology, 292, C545-C552. 

TEITELBAUM, S. L. 2000. Bone Resorption by Osteoclasts. Science, 

289, 1504-1508. 

THI, M. M., SUADICANI, S. O., SCHAFFLER, M. B., WEINBAUM, S. 

& SPRAY, D. C. 2013. Mechanosensory responses of osteocytes 

to physiological forces occur along processes and not cell body and 

require αVβ3 integrin. Proceedings of the National Academy of 

Sciences, 110, 21012-21017. 

TOTSUKAWA, G. Y., YOSHIHIKO; YAMASHIRO, SHIGEKO; 

HARTSHORNE, DAVID J; SASAKI, YASUHARU; 

MATSUMURA, FUMIO 2000. Distinct roles of ROCK (Rho-

kinase) and MLCK in spatial regulation of MLC phosphorylation 

for assembly of stress fibers and focal adhesions in 3T3 fibroblasts. 

The Journal of cell biology, 150, 797-806. 

TU, X. L., RHEE, Y., CONDON, K. W., BIVI, N., ALLEN, M. R., 

DWYER, D., STOLINA, M., TURNER, C. H., ROBLING, A. G., 

PLOTKIN, L. I. & BELLIDO, T. 2012. Sost downregulation and 

local Wnt signaling are required for the osteogenic response to 

mechanical loading. Bone, 50, 209-217. 

UDDIN, S. M. M., HAQ, A., SHEIKH, H., YAQOOB, U. & SAYEED, 

B. Z. 2018. Efficiency of Estrogen Replacement Therapy in 

Osteoporosis. Internal Medicine and Medical Investigation 

Journal, 3, 134-137. 

VAANANEN, H. K. & HARKONEN, P. L. 1996. Estrogen and bone 

metabolism. Maturitas, 23 Suppl, S65-9. 

VAHLE, J. L., LONG, G. G., SANDUSKY, G., WESTMORE, M., MA, 

Y. L. & SATO, M. 2004. Bone neoplasms in F344 rats given 

teriparatide [rhPTH (1-34)] are dependent on duration of treatment 

and dose. Toxicologic pathology, 32, 426-438. 

VAN BEZOOIJEN, R. L., ROELEN, B. A., VISSER, A., VAN DER 

WEE-PALS, L., DE WILT, E., KARPERIEN, M., HAMERSMA, 

H., PAPAPOULOS, S. E., TEN DIJKE, P. & LOWIK, C. W. 2004. 

Sclerostin is an osteocyte-expressed negative regulator of bone 

formation, but not a classical BMP antagonist. J Exp Med, 199, 

805-14. 

VAUGHAN, T., HAUGH, M. & MCNAMARA, L. 2013. A fluid-

structure interaction model to characterize bone cell stimulation in 

parallel-plate flow chamber systems. Journal of the Royal Society, 

Interface / the Royal Society, 10, 20120900. 



 Appendix  

 

197 

 

 

VAUGHAN, T. J., VOISIN, M., NIEBUR, G. L. & MCNAMARA, L. M. 

2015. Multiscale modeling of trabecular bone marrow: 

understanding the micromechanical environment of mesenchymal 

stem cells during osteoporosis. J Biomech Eng, 137. 

VERBRUGGEN, STEFAAN W., MC GARRIGLE, MYLES J., 

HAUGH, MATTHEW G., VOISIN, MURIEL C. & 

MCNAMARA, LAOISE M. 2015. Altered Mechanical 

Environment of Bone Cells in an Animal Model of Short- and 

Long-Term Osteoporosis. Biophysical Journal, 108, 1587-1598. 

VERBRUGGEN, S. W. & MCNAMARA, L. M. 2018. Chapter 6 - Bone 

mechanobiology in health and disease. In: VERBRUGGEN, S. W. 

(ed.) Mechanobiology in Health and Disease. Academic Press. 

VERBRUGGEN, S. W., VAUGHAN, T. J. & MCNAMARA, L. M. 

2012. Strain amplification in bone mechanobiology: a 

computational investigation of the in vivo mechanics of osteocytes. 

Journal of the royal society interface, 9, 2735-2744. 

VERBRUGGEN, S. W., VAUGHAN, T. J. & MCNAMARA, L. M. 

2014. Fluid flow in the osteocyte mechanical environment: a fluid–

structure interaction approach. Biomechanics and modeling in 

mechanobiology, 13, 85-97. 

VERBRUGGEN, S. W., VAUGHAN, T. J. & MCNAMARA, L. M. 

2016. Mechanisms of osteocyte stimulation in osteoporosis. J Mech 

Behav Biomed Mater, 62, 158-68. 

VICO, L., COLLET, P., GUIGNANDON, A., LAFAGE-PROUST, M. 

H., THOMAS, T., REHAILLIA, M. & ALEXANDRE, C. 2000. 

Effects of long-term microgravity exposure on cancellous and 

cortical weight-bearing bones of cosmonauts. Lancet, 355, 1607-

11. 

VOGEL, V. & SHEETZ, M. 2006. Local force and geometry sensing 

regulate cell functions. Nat Rev Mol Cell Biol, 7, 265-75. 

VOISIN, M. & MCNAMARA, L. M. 2015. Differential β3 and β1 

Integrin Expression in Bone Marrow and Cortical Bone of Estrogen 

Deficient Rats. The Anatomical Record, 298, 1548-1559. 

WAARSING, J. H., DAY, J. S., VAN DER LINDEN, J. C., EDERVEEN, 

A. G., SPANJERS, C., DE CLERCK, N., SASOV, A., VERHAAR, 

J. A. N. & WEINANS, H. 2004. Detecting and tracking local 

changes in the tibiae of individual rats: a novel method to analyse 

longitudinal in vivo micro-CT data. Bone, 34, 163-169. 

WADHWA, S., CHOUDHARY, S., VOZNESENSKY, M., EPSTEIN, 

M., RAISZ, L. & PILBEAM, C. 2002. Fluid flow induces COX-2 

expression in MC3T3-E1 osteoblasts via a PKA signaling pathway. 

Biochem Biophys Res Commun, 297, 46-51. 



 Appendix  

 

198 

 

 

WALL, A. & BOARD, T. 2014. The compressive behavior of bone as a 

two-phase porous structure. Classic Papers in Orthopaedics. 

Springer. 

WANG, C., LU, H. & SCHWARTZ, M. A. 2012. A novel in vitro flow 

system for changing flow direction on endothelial cells. Journal of 

biomechanics, 45, 1212-1218. 

WANG, J. & STERN, P. H. 2010. Osteoclastogenic activity and RANKL 

expression are inhibited in osteoblastic cells expressing 

constitutively active Gα12 or constitutively active RhoA. Journal 

of cellular biochemistry, 111, 1531-1536. 

WANG, X. S., HEINZ C; WIENS, MATTHIAS; USHIJIMA, HIROSHI; 

MUELLER, WERNER EG 2012. Bio-silica and bio-

polyphosphate: applications in biomedicine (bone formation). 

Current opinion in biotechnology, 23, 570-578. 

WANG, Y., MCNAMARA, L. M., SCHAFFLER, M. B. & 

WEINBAUM, S. 2007. A model for the role of integrins in flow 

induced mechanotransduction in osteocytes. Proceedings of the 

National Academy of Sciences, 104, 15941-15946. 

WANG, Y., MCNAMARA, L. M., SCHAFFLER, M. B. & 

WEINBAUM, S. 2008. Strain amplification and integrin based 

signaling in osteocytes. J Musculoskelet Neuronal Interact, 8, 332-

4. 

WATANABE, A., YONEYAMA, S., NAKAJIMA, M., SATO, N., 

TAKAO-KAWABATA, R., ISOGAI, Y., SAKURAI-

TANIKAWA, A., HIGUCHI, K., SHIMOI, A. & YAMATOYA, 

H. 2012. Osteosarcoma in Sprague-Dawley rats after long-term 

treatment with teriparatide (human parathyroid hormone (1-34)). 

The Journal of toxicological sciences, 37, 617-629. 

WATERS KATRINA, M., RICKARD DAVID, J., RIGGS, B. L., 

KHOSLA, S., KATZENELLENBOGEN JOHN, A., 

KATZENELLENBOGEN BENITA, S., MOORE, J. & 

SPELSBERG THOMAS, C. 2001. Estrogen regulation of human 

osteoblast function is determined by the stage of differentiation and 

the estrogen receptor isoform. Journal of cellular biochemistry, 83, 

448-462. 

WEGST, U. G., BAI, H., SAIZ, E., TOMSIA, A. P. & RITCHIE, R. O. 

2015. Bioinspired structural materials. Nature materials, 14, 23. 

WEINBAUM, S., COWIN, S. C. & ZENG, Y. 1994. A model for the 

excitation of osteocytes by mechanical loading-induced bone fluid 

shear stresses. J Biomech, 27, 339-60. 

WEINSTEIN, R. S. J., ROBERT L; PARFITT, A MICHAEL; 

MANOLAGAS, STAVROS C 1998. Inhibition of 



 Appendix  

 

199 

 

 

osteoblastogenesis and promotion of apoptosis of osteoblasts and 

osteocytes by glucocorticoids. Potential mechanisms of their 

deleterious effects on bone. Journal of Clinical Investigation, 102, 

274. 

WIJENAYAKA, A. R., KOGAWA, M., LIM, H. P., BONEWALD, L. F., 

FINDLAY, D. M. & ATKINS, G. J. 2011. Sclerostin stimulates 

osteocyte support of osteoclast activity by a RANKL-dependent 

pathway. PLoS One, 6, e25900. 

WIKTOR-JEDRZEJCZAK, W., BARTOCCI, A., FERRANTE, A. W., 

JR., AHMED-ANSARI, A., SELL, K. W., POLLARD, J. W. & 

STANLEY, E. R. 1990. Total absence of colony-stimulating factor 

1 in the macrophage-deficient osteopetrotic (op/op) mouse. Proc 

Natl Acad Sci U S A, 87, 4828-32. 

WILSON, S. R., PETERS, C., SAFTIG, P. & BRÖMME, D. 2009. 

Cathepsin K activity-dependent regulation of osteoclast actin ring 

formation and bone resorption. The Journal of Biological 

Chemistry, 284, 2584-2592. 

WINKLER, D. G., SUTHERLAND, M. K., GEOGHEGAN, J. C., YU, 

C., HAYES, T., SKONIER, J. E., SHPEKTOR, D., JONAS, M., 

KOVACEVICH, B. R., STAEHLING-HAMPTON, K., 

APPLEBY, M., BRUNKOW, M. E. & LATHAM, J. A. 2003. 

Osteocyte control of bone formation via sclerostin, a novel BMP 

antagonist. EMBO J, 22, 6267-76. 

WITTKOWSKE, C., REILLY, G. C., LACROIX, D. & PERRAULT, C. 

M. 2016. In Vitro Bone Cell Models: Impact of Fluid Shear Stress 

on Bone Formation. Frontiers in Bioengineering and 

Biotechnology, 4. 

WOLFF, J. 2012. The law of bone remodelling, Springer Science & 

Business Media. 

WU, D., GANATOS, P., SPRAY, D. C. & WEINBAUM, S. 2011. On the 

electrophysiological response of bone cells using a Stokesian fluid 

stimulus probe for delivery of quantifiable localized picoNewton 

level forces. Journal of biomechanics, 44, 1702-1708. 

WYCKOFF, J., PINNER, S., GSCHMEISSNER, S., CONDEELIS, J. & 

SAHAI, E. 2006. ROCK- and myosin-dependent matrix 

deformation enables protease-independent tumor-cell invasion in 

vivo. Curr Biol, 16, 1515-23. 

XI, G., HU, P., QU, C., QIU, S., TONG, C. & YING, Q.-L. 2013. Induced 

Neural Stem Cells Generated from Rat Fibroblasts. Genomics, 

Proteomics & Bioinformatics, 11, 312-319. 



 Appendix  

 

200 

 

 

XIONG, J., ONAL, M., JILKA, R. L., WEINSTEIN, R. S., 

MANOLAGAS, S. C. & O'BRIEN, C. A. 2011. Matrix-embedded 

cells control osteoclast formation. Nature medicine, 17, 1235. 

YANG, L., TSANG, K. Y., TANG, H. C., CHAN, D. & CHEAH, K. S. 

2014. Hypertrophic chondrocytes can become osteoblasts and 

osteocytes in endochondral bone formation. Proceedings of the 

National Academy of Sciences, 111, 12097-12102. 

YANG, Q., JIAN, J., ABRAMSON, S. B. & HUANG, X. 2011. Inhibitory 

effects of iron on bone morphogenetic protein 2–induced 

osteoblastogenesis. Journal of Bone and Mineral Research, 26, 

1188-1196. 

YAZID, M. D. A., SH; SENAFI, SAHIDAN; RAZAK, MOHAMAD 

ABDUL; WAHAB, RM 2010. Determination of the differentiation 

capacities of murines’ primary mononucleated cells and MC3T3-

E1 cells. Cancer Cell Int, 10, 42. 

YEH, C. R., CHIU, J. J., LEE, C. I., LEE, P. L., SHIH, Y. T., SUN, J. S., 

CHIEN, S. & CHENG, C. K. 2010. Estrogen augments shear stress-

induced signaling and gene expression in osteoblast-like cells via 

estrogen receptor-mediated expression of beta1-integrin. J Bone 

Miner Res, 25, 627-39. 

YOSHIDA, H., HAYASHI, S., KUNISADA, T., OGAWA, M., 

NISHIKAWA, S., OKAMURA, H., SUDO, T. & SHULTZ, L. D. 

1990. The murine mutation osteopetrosis is in the coding region of 

the macrophage colony stimulating factor gene. Nature, 345, 442-

4. 

YOSHITAKE, H., RITTLING, S. R., DENHARDT, D. T. & NODA, M. 

1999. Osteopontin-deficient mice are resistant to ovariectomy-

induced bone resorption. Proceedings of the National Academy of 

Sciences of the United States of America, 96, 8156-8160. 

YOU, J., REILLY, G. C., ZHEN, X., YELLOWLEY, C. E., CHEN, Q., 

DONAHUE, H. J. & JACOBS, C. R. 2001a. Osteopontin gene 

regulation by oscillatory fluid flow via intracellular calcium 

mobilization and activation of mitogen-activated protein kinase in 

MC3T3–E1 osteoblasts. Journal of Biological Chemistry, 276, 

13365-13371. 

YOU, L., COWIN, S. C., SCHAFFLER, M. B. & WEINBAUM, S. 

2001b. A model for strain amplification in the actin cytoskeleton of 

osteocytes due to fluid drag on pericellular matrix. Journal of 

biomechanics, 34, 1375-1386. 

YOU, L., TEMIYASATHIT, S., LEE, P., KIM, C. H., TUMMALA, P., 

YAO, W., KINGERY, W., MALONE, A. M., KWON, R. Y. & 

JACOBS, C. R. 2008. Osteocytes as mechanosensors in the 



 Appendix  

 

201 

 

 

inhibition of bone resorption due to mechanical loading. Bone, 42, 

172-179. 

YOU, L. D., WEINBAUM, S., COWIN, S. C. & SCHAFFLER, M. B. 

2004. Ultrastructure of the osteocyte process and its pericellular 

matrix. The Anatomical Record Part A: Discoveries in Molecular, 

Cellular, and Evolutionary Biology: An Official Publication of the 

American Association of Anatomists, 278, 505-513. 

YOUREK, G., MCCORMICK, S. M., MAO, J. J. & REILLY, G. C. 2010. 

Shear stress induces osteogenic differentiation of human 

mesenchymal stem cells. Regenerative medicine, 5, 713-724. 

YPEY, D. L., WEIDEMA, A. F., HÖLD, K. M., VAN DER LAARSE, 

A., RAVESLOOT, J. H., VAN DER PLAS, A. & NIJWEIDE, P. J. 

1992. Voltage, calcium, and stretch activated ionic channels and 

intracellular calcium in bone cells. Journal of Bone and Mineral 

Research, 7, S377-S387. 

YU, B., ZHAO, X., YANG, C., CRANE, J., XIAN, L., LU, W., WAN, 

M. & CAO, X. 2012. Parathyroid hormone induces differentiation 

of mesenchymal stromal/stem cells by enhancing bone 

morphogenetic protein signaling. Journal of Bone and Mineral 

Research, 27, 2001-2014. 

ZAMAN, G., JESSOP, H. L., MUZYLAK, M., DE SOUZA, R. L., 

PITSILLIDES, A. A., PRICE, J. S. & LANYON, L. L. 2006. 

Osteocytes use estrogen receptor alpha to respond to strain but their 

ERalpha content is regulated by estrogen. J Bone Miner Res, 21, 

1297-306. 

ZHANG, D. Y., HU, M. Y., CHU, T., LIN, L. J., WANG, J. Y., LI, X. D., 

KE, H. Z. & QIN, Y. X. 2016. Sclerostin antibody prevented 

progressive bone loss in combined ovariectomized and concurrent 

functional disuse. Bone, 87, 161-168. 

ZHAO, S., KATO, Y., ZHANG, Y., HARRIS, S., AHUJA, S. & 

BONEWALD, L. 2002. MLO‐Y4 osteocyte‐like cells support 

osteoclast formation and activation. Journal of Bone and Mineral 

Research, 17, 2068-2079. 

ZHU, X., LUO, J., CHEN, X., WANG, J., WANG, G., LI, H., XU, Y., 

FENG, J. & TU, H. 2008. Expression characteristic and 

significance of interleukin-6, nuclear factor kappa beta, and bone 

formation markers in rat models of osteoporosis. Transl Res, 152, 

18-23. 

ZIAMBARAS, K., LECANDA, F., STEINBERG, T. H. & CIVITELLI, 

R. 1998. Cyclic stretch enhances gap junctional communication 

between osteoblastic cells. Journal of Bone and Mineral Research, 

13, 218-228. 



 Appendix  

 

202 

 

 

 

 


