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Abstract
Bone regeneration is initiated (in part) by cells sensing a drop in oxygen pressure
(hypoxia), followed by a number of steps that include; inflammation, angiogenesis, soft
and hard callus formation and remodelling. The oxygen sensing hypoxia inducible factor1α (HIF-1a) transcription factor has an important role in many of the stages of fracture
repair including; angiogenesis, inflammation, stem cell recruitment, soft callous
formation and bone remodelling. Furthermore, diabetic and elderly patients who have an
increased risk of impaired bone healing, have a reduced ability to respond to hypoxia.
Prolonged hypoxia has, however, also been shown to inhibit bone formation both in vivo
and in vitro.
Considering the importance of hypoxia in bone repair this thesis investigates the role of
hypoxia (1% O2) and two HIF stabilisers (chemicals that inhibit the degradation of HIF1a), CoCl2 and DMOG, on bone formation in vitro, in both normal and hyperglycaemic
conditions. This will enable us to determine if artificial stabilisation of the HIF pathway
in patients with impaired bone healing could be a new target for regenerative medicine.
To explore the controlled delivery of these HIF mimetics, cobalt was also incorporated
into the glass network of silicate bioactive glasses with the intention of improving upon
the existing bone regenerative properties of these materials, with controlled cobalt
release. As there is limited information on the role of Si and Si-bioactive glasses on bone
nodule formation in vitro, this was also studied. A multidisciplinary characterisation
approach that included the biological (angiogenic, proliferation, and differentiation),
biochemical (Raman spectroscopy), ultrastructural (TEM) and microstructural
quantitative techniques (interferometry) for bone nodule formation was used to compare
between treatments and with native bone.
Hypoxia (1% O2) completely inhibited bone nodule formation, whilst DMOG and cobalt
showed a concentration dependant inhibition, bone nodules were still formed within the
ranges of CoCl2 [12.5µM-25µM] and DMOG [250µM-500µM]. CoCl2 [12.5µM] did not
inhibit bone nodule formation. Si [0.5mM] and Si-based bioactive glasses conditioned
media [0.5mM Si] enhanced bone regeneration (as determined by average nodule height
P ≤ 0.05) but a concentration of 2mM Si and above inhibited bone nodule formation.
Cobalt releasing bioactive glasses were successfully manufactured with controlled release
of cobalt. Cobalt bioactive glasses conditioned media with 50µM cobalt (in a similar
manner to CoCl2) inhibited bone nodule formation but not at lower cobalt concentrations
(12.5µM). A high glucose environment completely inhibited bone nodule formation,
while cobalt and DMOG treatment restored bone nodule formation.
HIF stabilisation through the controlled release of HIF stabilisers, together with
understanding the cellular mechanisms of these ions, may allow for the development of
new materials with patient specific ion release profiles tailored to underlying disease.
Moreover, this research highlighted the importance of multi-modal characterisation
together with quantification for comparing bone tissue engineering approaches in vitro.
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Impact Statement
Scientific impact
This thesis investigates the role of oxygen in bone regeneration with the aim of
developing new approach to impaired bone healing by targeting the cellular response to
hypoxia (the HIF pathway). This thesis improved the in vitro modelling of bone by
demonstrating the need for a multi-disciplinary approach using different characterising
techniques (biochemical, morphological and ultra-structural) for quantitative comparison
of in vitro formed bone and in comparison with native bone. It’s clear from our work that
it is easy to mistake bone nodule formation for non-specific apatite formation. Further
this thesis demonstrated, for the first time, that there is a difference between the role of
hypoxia and HIF pathway in bone development, where hypoxia inhibits bone formation
whilst HIF stabilisation doesn’t. This understanding will aid tour understanding of the
HIF pathway in bone disease, especially if the patient response to oxygen is impaired,
such as in hyperglycaemic patients. Interstingly this thesis also demonstrated that HIF
stabilisation in a hyperglycaemic model can restore a level of bone formation, this allows
the development of new therapeutic targets.

Commercial benefit
Unintentional ion release (e.g. Co, Ti and Cr) from orthopaedic implant materials and
intentional release of ions (Si) from bone graft materials can affect the bone regeneration
process. However, there is limited evidence demonstrating the effect of these ions on bone
nodule growth in vitro. The controlled release of ions (including HIF stabilising ions)
from bone substitute materials will enable the creation of implants and scaffolds specific
for patients’ need. Here we demonstrated, for the first time, that Si (0.5mM) increased the
size of bone nodules but that concentrations above 2mM inhibited bone nodule formation.
This model could also be used to advance our understanding of how Si affects bone
regeneration, with the aim of developing new materials (e.g. new bioactive glasses) with
optimised release profiles for specific sub-groups of patients with different underlying
bone diseases.
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Patients benefit
The treatment of impaired bone healing is among the most prevalent clinical challenges
in the UK, with the overall risk of non-union bone fracture in the UK between 1.9% and
9% [1]. Therapeutic intervention of non-union fracture can cost between £7,000-£79,000
[1], which together with patient morbidity causes a significant socio-economic impact.
There is consequently an urgent need for improved therapies for non-union fracture. This
study allows a design-led approach to the development of HIF stabilising scaffolds for
diabetic and elderly patients who have increased risk of fracture and also an impaired
oxygen sensing pathway. This discovery demonstrates the role of the HIF pathway in
bone development and will enable the creation of biomaterials or tissue scaffolds
designed for patients with impaired bone regeneration due to a defective oxygen sensing
pathway.
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Chapter 1

General Introduction

1.1 Bone
1.1.1 Structure, Function, and Components
Bone is a complex composite material with distinctive architectural and mechanical
properties that make it ideal for organ protection and support of physical locomotion [24]. Bone can be categorised into five groups: long bones (femur, tibia, limb, rib and
pelvis), short bones (carpal bones of the hand), flat bones (calvariae of the skull, mandible
and maxilla), irregular-shaped bones (vertebra and ethmoid) and sesamoid bones (bones
embedded in tendons). During embryonic life, bones develop via either intramembranous
ossification (flat bones) or endochondral ossification (most other types of bone including
long bones). In intramembranous ossification bone forms via direct differentiation of
mesenchymal stem cells into bone cells. Whilst in endochondral ossification, a cartilage
template is first formed and then removed and replaced by bone (detailed description in
section 1.1.3). The skeleton comprises a dense layer of compact bone, also known as
cortical bone, surrounding the marrow cavity. Cortical bone is formed by Haversian
system which consists of lamellar bone enveloping around blood vessels [5]. A lower
density spongy bone tissue, known as trabecular bone, is also formed at the end of joints.
The outer layer of compact bone is surrounded by the periosteum (Figure 1.1). Periosteum
is a thin layer which consists of osteogenic and fibroblastic cells embedded in an evolved
network of nerves and microvascular network [6]. The periosteum is thought to play an
important role in bone repair and regeneration owing to the presence of stem cells and
dense capillary networks [7].
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Figure 1.1 – Adult bone structure. Compact bone contains a dense layer of lamellar bone which forms an
osteon and regulates metabolic activity. Compact bone consists of Haversian and Volkmann channels for
blood supply [8, 9].

Bone is composed of minerals (~60% of dry weight) and an organic matrix (~40% of dry
weight) [10]. The precise chemical composition of the mineral component is still being
uncovered due to the complex structure, broad range of minerals present and likely
variation between different bone types [11]. However, bone mineral is most commonly
comprises nano-crystalline calcium phosphate in the form of hydroxyapatite (HA) [Ca10
(PO4) (OH)2] in addition to varying amounts of carbonate, fluoride, magnesium and
citrate [8]. It is thought that the combination of these different mineral environments helps
promote an anisotropic distribution of weight and increased resistance to fracture [12].
Bone is continually undergoing resorptive-reparative processes, which allow it to be
highly adaptive to environmental changes, such as mechanical stress and oxygen levels
to minimises metabolic cost [13, 14]. The balance between bone resorption and formation
is critical to bone health, and an imbalance can result in abnormal bone loss or bone gain,
increasing the chance of either fracture, compression syndrome or impaired bone healing
[15]. Moreover, osteoclasts have been shown to have a higher rate of resorption in older
bone which results in accelerated bone resorption and increased risk of fracture in the
elderly [16]. Moreover, an age-dependent increase in the carbonate content as well as an
age-dependent decrease in hydroxyl and acid phosphate content have been observed in
the animal bones [17, 18].
The organic matrix consists of type I collagen and non-collagenous proteins [10]. Type I
collagen is the basic building block of the organic matrix; however, other forms of
collagen such as types III, V, and X are present during specific stages of bone regeneration
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[19]. Types III and V modulate the collagen fibril diameter in the bone [20], whilst type
X can be found in hypertrophic cartilage during growth plate development [21]. In
patients with diabetes, the formation of advanced glycation end-products (AGEs),
proteins that are glycated upon exposure to the aldose sugars (in cortical and trabecular
bone), results in increased stiffness of the collagen network and consequently reduces
ductility and increases fragility [22-24]. Bone can be further categorised into two groups,
lamellar and woven bones. Lamellar bone contains well-organised and parallel lines of
collagen fibres formed on pre-existing bone, whilst woven bone has a considerably more
disorganised structure. Woven bone is present during bone remodelling and can also be
found in immature bone, alveolar sockets of the oral cavities, tendons and bone
intersections [9].
Non-collagenous proteins present in the organic matrix (10-15% of total bone protein
content) can be classified into five subgroups: glycosaminoglycan-containing proteins,
glycoproteins, N-glycosylated proteins, arginine-glycine-aspartic acid (RGD)-containing
glycoproteins and g-carboxyl glutamic acid-containing proteins (
Table 1.1) [8, 25]. Cell attachment non-collagenous proteins (e.g. fibronectin,
osteopontin, osteonectin, thrombospondin and sialoprotein) regulate cell-protein
attachment via RGD amino acid sequence. RGD mediates non-collagenous proteins
attachment to integral membrane proteins on the cell surface [26, 27]. Fibronectin is
produced by bone cells and also brought in by vasculature from other parts of body.
Fibronectin stimulate cell attachment and regulates migration and differentiation of
osteoblasts precursors [28]. Osteopontin is made by osteoblasts and is responsible for
osteoclasts attachment [27, 29]. Osteopontin also comprises calcium binding sites.
Osteopontin binds to osteoclasts and activates the phospholipase C pathway and
subsequently upregulates intracellular calcium level [30]. Osteonectin is mainly
synthesised by osteoblasts; however, fibroblasts, tendon cells and odontoblasts can also
produce osteonectin [31]. Osteonectin has been reported to mediate bone remodelling and
maintenance of bone mass [32]. It also enhances matrix metalloproteinase (MMPs)
production and activity [30]. Thrombospondin also comprises RGD sequence as well as
calcium binding sites [33]. Although it stimulates cell attachment, the exact function in
bone still remains unclear. Osteocalcin and matrix Gla protein are produced by osteoblasts
and are members of g-carboxyl glutamic acid-containing proteins. Both of these non-
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collagenous proteins have g-carboxyl glutamic acid residues which bind calcium and are
vitamin K-dependent [34].
Table 1.1– Non-collagenous proteins in the organic matrix and their functions [8, 10, 35, 36].
Non-collagenous
proteins

Glycosaminoglycancontaining molecules

Examples

Function

Aggrecan

Retains water and ions, resists mechanical forces

Biglycan

Regulates collagen fibre growth, binds to growth factors

Decorin

Regulates collagen fibrillogenesis, binds to growth factors

Alkaline phosphatase Carries calcium ions, increases phosphate concentration
Glycoproteins

Osteonectin
Periostin

N-glycosylated
proteins

Regulates cell attachment, binds to growth factors, mediates
HA deposition
Regulates collagen organisation

Osteopontin

Regulates cell attachment, binds to calcium and collagen

Sialoprotein

Regulates cell attachment, binds to calcium, initiates
mineralisation

Dentin matrix protein Regulates osteocyte activity

RGD-containing
glycoproteins

g-carboxyl glutamic
acid-containing
proteins

Fibronectin

Regulates cell attachment, binds to collagen, stimulates HA
formation

Vitronectin

Regulates cell attachment, binds to collagen, modulates
elastic fibre formation

Thrombospondins

Regulates cell attachment, binds to growth factors and
collagen, mediates HA formation

Osteocalcin

Stabilises HA, binds to calcium, chemo attracts monocytes

Matrix Gla-protein

Inhibits matrix mineralisation

1.1.2 Origin and Differentiation of Bone Cells
Osteoblasts, osteoclasts and osteocytes are the three main bone-specific cell types.
Osteoblasts are cuboidal bone-forming progenitor cells derived from bone marrow
mesenchymal stem cells (BMSCs) that differentiate into osteocytes. Osteoblastic
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differentiation of BMSCs involves a number of soluble growth factors such as bone
morphogenic proteins (BMPs) and specific transcription factors including Runt-related
transcription factor 2 (RUNX2), osterix (Osx) and distal-less homeobox5 (DLX5) [3741]. The wingless (WNT) signalling pathway is also involved in the regulation of
osteoblastic differentiation via binding to low-density lipoprotein (LDL) receptor-related
protein 5 (LRP5) or LRP6 and stabilisation of b-catenin [42]. b-catenin is a transcription
factor responsible for activating WNT signalling. b-catenin inhibits BMSCs
differentiation into chondrocytes (cartilage cells) and directs cell fate towards osteoblastic
lineages [43, 44].

1.1.2.1 In Vitro Differentiation of Osteoblasts from BMSCs

In-vitro differentiation of BMSCs into osteoblasts has been divided into three phases: A
proliferative phase (day 1 – 5), followed by early differentiation (day 5 - 14) and finally
a mineralising phase (day 14 - 28). An increase in type I collagen, osteocalcin (OCN),
and osteopontin (OPN) expression and a decrease in ALP production followed by calcium
and phosphate deposition is indicative of a mature mineralising osteoblast [45].
Cell culture media is crucial for determining the outcome of the differentiation.
Commonly culturing BMSCs with ascorbic acid, b-glycerophosphate (b-GP) and
dexamethasone will differentiate them into an osteogenic lineage, whereas the addition
of growth factors such as transforming growth factor-b (TGF-b) will lead to a
chondrogenic lineage (chondrocytes). Phosphate is added in the form of β-GP (the most
common source of phosphate ions). The concentration of β-GP utilised for osteogenic
differentiation is also of pivotal importance. Although a large quantity of research in this
field has been carried out in a concentration range of 2 to 10mM of β-GP, recent studies
show that true osteogenic differentiation reproducibly occurs at 2mM β-GP, whilst higher
concentrations (5-10 mM) can cause dystrophic mineralisation [46, 47]. Dexamethasone
up-regulates osteogenic markers such as ALP activity. Dexamethasone increases
osteogenic differentiation, although BMSCs have been reported to differentiate even
without the addition of dexamethasone [48]. Ascorbate modulates the expression of Osx
via nuclear translocation of nuclear factor-E2-related factor-1(Nrf1). Nrf1 then binds to
an antioxidant-responsive element (ARE) and up-regulates osteogenic genes expression
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such as ALP, receptor activator of nuclear factor kΒ ligand (RANKL), RUNX2, and type
I collagen [49, 50].
Osteocytes constitute 90-95% of all resident cells in the bone [51-54]. After bone repair,
some osteoblasts become osteocytes, osteoblast markers are down-regulated, and
osteocyte markers including dentine matrix protein (DMP1) and sclerostin are upregulated [52, 55-58]. Osteocytes regulate the resorptive-formative balance between
osteoclasts and osteoblasts during bone remodelling [55, 59, 60]. Osteocytes also act as
a mechanical loading sensor, up-regulating bone anabolic factors such as nitric oxide
(NO) and prostaglandin (PG) [61, 62]. In addition, osteoblasts overproduction upregulates Dickkopf-related protein 1 (Dkk1) and sclerostin production by osteocytes and
consequently suppresses the loading effect [63].
Osteoclasts are monocyte-derived multi-nucleated cells that resorb bone by producing
large amounts of tartrate-resistant acid phosphatase (TRAP) to digest the bone matrix.
Osteoclast formation is controlled by the RANKL-RANK-osteoprotegerin (OPG)
signalling pathway, which is regulated by inflammatory cells, osteoblasts, osteocytes and
bone marrow cells [64]. These cells produce factors involved in osteoclastogenesis RANKL, VEGF and colony stimulating factor-1 (CSF-1) - which together induce
expression of such genes as cathepsin K (CTSK), calcitonin receptor and b3-integrin to
promote formation of mature osteoclasts [65, 66]. RANKL binds to the RANK receptor
on osteoclastic precursors. Osteoblasts also produce OPG, which inhibits RANKLinduced osteoclastogenesis [67]. Hormones parathyroid (PTH) and oestrogen also
thought to play an important role in bone remodelling [68]. Osteoblasts and stromal cells
express PTH on their surface, up-regulate macrophage colony-stimulating factor (MCSF) and RANKL production and increase osteoclastogenesis. PTH also increases
production of vitamin D3 (a major calciotropic factor) which also stimulates the bone
resorption process [69].

1.1.3 Bone Mineralisation
Bone mineralisation proceeds through two distinct processes: endochondral and
intramembranous ossification. Endochondral ossification, also known as indirect bone
formation, happens in long bones such as the femur and at the ends of flat irregular bones,
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including ribs and vertebrae. Condensed mesenchyme tissues differentiate into
chondroblast, a perichondrial cell that express the components of the extracellular matrix
(ECM) such as aggrecan (ACAN) and collagen type II and consequently forms the ECM
[70]. Osteoclasts absorb the cartilaginous layer formed by chondrocytes (cartilage
forming cells), while osteoblasts and osteocytes lay out a mineralised layer. Osteoblasts
express type I collagen necessary for ECM formation. Collagen is synthesised
intracellularly and exported as collagen fibrils which then undergo interfibrillar
mineralisation with embedded HA [8]. In contrast, during intramembranous ossification
(also known as direct bone formation), type I collagen matrix directly becomes
mineralised without an intermediate cartilaginous template [71]. In both types of
mineralisation, an unmineralised bone matrix called osteoid initially forms, is
impregnated with HA, and generates a mineralised bone tissue [72, 73]. Endochondral
ossification and intramembranous ossification are metabolically and morphogenically
distinct. Intramembranous bone formation includes faster ossification, a higher rate of
collagen mineralisation, and higher calcium content [74], whereas the bone resorption
rate is lower during endochondral bone formation [75].
Ossification is different from calcification. Calcification is a stage of mineralisation that
involves the formation of calcium salts and crystals within cells and tissues (physiological
calcification). In contrast to bone mineralisation, calcification is not a bone specific
characteristic and can occur in other body tissues such as arteries (e.g. pathological
calcification) [76]. In further contrast to bone, spontaneous calcification does not have
ordered extracellular mineralised collagen fibres. Moreover, age-dependent oxidationinduced AGEs production accelerates collagen crosslinking and result in tissue stiffness
during spontaneous calcification [77].
Several mechanisms for mineral deposition in the ECM of bone have been suggested,
including intracellular mineralisation, extracellular mineralisation, or both [78]. A cellindependent process has been suggested whereby non-collagenous proteins act as a site
of a mineral nucleation for ions in solution [79]. Another suggested process for mineral
deposition is amorphous mineral production within collagen fibrils whereby mineral
components are formed intracellularly (possibly via mitochondria) and secreted by
exocytosis. Collagen fibrils are then thought to bind to proteoglycans and other organic
components in the organic matrix [81]. A study by Boonrungsiman et al. (2012)
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demonstrated that some minerals appear to be produced intracellularly, where CaP reside
in intracellular vesicles in either a completely amorphous state or with a small amount of
crystallinity. Extracellular CaP on the other hand was shown to comprise a highly
crystalline structure [78]. They concluded that the mitochondria may play an important
role in CaP trafficking.
CaP formation and subsequent mineralisation in bone or cartilage is initiated in
association with extracellular matrix vesicles[80]. Matrix vesicles are membrane-invested
particles generated by polarised budding in skeletal tissue. These vesicles are then
released form the surface of cells such as chondrocytes and osteoblasts [81, 82]. Matrix
vesicles attract calcium ions due to the presence of calcium binding factors phosphatidyl,
serine and annexin in the structure of matrix vesicles [83].
On the other hand, enzymatic activity of phosphohydrolases in the matrix vesicle
membrane such as alkaline phosphatase (ALP) increase intra and perivesicular phosphate
concentration [84]. Moreover, phosphate uptake is also facilitated as a result of sodiumdependent phosphate transporter activity in matrix vesicle [85]. At this stage, increased
calcium ion and phosphate levels in the microenvironment of the matrix vesicle lead to
precipitation of CaP [86]. Released calcium and phosphate ions rupture matrix vesicles
and form HA crystals on the matrix [87, 88]. Minerals can be formed either within the
collagen fibrils (interfibrillar) or on the surface of the collagen fibrils (extrafibrillar) [89].
In bones, 75% of the minerals form fibril surface [90].
Collagen banding which occurs both in mineralised and non-mineralised collagen fibres
is defined as periodic formation of ridging on all fibrils due to the semi-crystalline
structure of collagen within the fibrils [91, 92]. A study by Wan et al. (2016) revealed
that the band diameter was found to be larger in mineralised collagen fibrils compared
with non-mineralised fibrils due to the larger apatite crystals formation on the outside of
the fibres (Figure 1.2) [93]. However, another study by Wallace et al. (2010) displayed
that regardless of the collagen type I origin and mineralisation, no statistically significant
difference was observed in collagen band spacing (Figure 1.3)[94].
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Figure 1.2 – SEM micrographs of collagen fibril morphologies. a) Collagen fibrils without mineralisation.
b) Collagen fibrils mineralised by stimulated body fluid after 24 hours. Fibrils without mineralisation
exhibited smaller diameter compared to the mineralised collagen fibrils. (Adapted from reference [93])

Figure 1.3 – AFM micrographs of collagen type I banding in different tissues. a) dentin b) bone c) tendon.
Despite distinct origins, no significant difference was observed in collagen banding within samples.
(Adapted from reference [94])

1.2 Bone Regeneration Following Damage
Despite recent advances, repair of delayed and non-union bone defects (whereby healing
does not occur within 6-8 weeks) remains among the most prevalent clinical challenges
[95]. Bone defects are especially common in elderly and diabetic patients who have
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increased risk of fracture [96, 97]. While biological and synthetic bone grafts have
benefited many patients, there remain several concerns regarding risk of infection,
chronic inflammation, donor site morbidity and the availability of suitable bone graft
material [98]. Furthermore, biomaterials often require revision surgery which can have a
substantial socio-economic impact [99]. Large defect healing involves five overlapping
phases including: inflammation, angiogenesis, soft callus formation, hard callus
formation and remodelling (Figure 1.4 and Figure 1.4) [100].

Figure 1.4 – Bone repair phases. Bone repair is a multistep process involving overlapping phases:
inflammation (day 0-7), angiogenesis (day 0-35), soft callus formation (day 5-10), hard callus formation
(day 10-16) and remodelling (day 16-35+). Upon fracture, local hypoxia occurs, causing haematoma
formation and the expression of chemokines and cytokines, followed by the recruitment of immune cells
and an inflammatory response. Stem cells are also recruited, and a soft cartilaginous callus formed over
the site of fracture. Vascular invasion of this soft callous and differentiation of stem cells into osteoblasts,
initiated ECM mineralisation to form a disorganised woven bone known as hard callus [101]. This woven
bone is remodelled (via osteoblast-osteoclast coupling) to form the hard callus and lamellar bone structure.
This process may take from 6 weeks to several years in order to allow bone to achieve its original
morphology including restoration of the medullary canal [102].

1.2.1 Inflammatory Response
The inflammatory response, which occurs within the first 7 days of bone repair, is a
critical stage of regeneration and affects the outcome of the healing process [103]. The
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inhibition of tumour necrosis factor-α (TNF-a) and interleukin-6 (IL-6), has for example,
been shown to result in delayed or impaired bone formation [104, 105].
At the site of a bone defect, blood vessels rupture and bleeding results in haematoma
formation [106]. The haematoma, which later serves as a framework for callus formation,
releases chemoattractants for cell recruitment and initiating the healing cascade [102,
107]. The importance of the hematoma has been demonstrated in animal models where
its removal (debridement of the fracture site) is shown to cause impaired and prolonged
bone healing whereas its implantation accelerates bone formation [108].
Immunological characterisation of the early human fracture haematoma has shown that
neutrophils are the first cells recruited [109]. Neutrophils are short-lived cells which are
critical for protecting damaged tissue against infection as well as releasing monocyte
chemoattractant protein-1/chemokine ligand 2 (MCP-1/CCL2) to attract macrophages.
Macrophages are responsible for the removal of necrotic tissue, cell debris and pathogens
and promoting angiogenesis by expressing fibroblast growth factor1 (FGF-1) and
fibroblast growth factor 2 (FGF-2), IL-1 and transforming growth factor (TGF-β) [110112]. Macrophages are highly versatile cells that can be polarized into pro-inflammatory
M1 phenotype and more regenerative, anti-inflammatory M2 phenotype (although this is
a somewhat simplification with increasing numbers of macrophage subgroups being
identified) [113]. Changing the M1/M2 balance can cause various pathologies including
inflammatory disorders and chronic infections [114, 115]. The M1 phenotype appears at
the early stages of bone repair and initiates angiogenesis through secretion of VEGF,
whereas the M2 phenotype is present at a later stage of bone repair and is associated with
extracellular matrix (ECM) synthesis and ossification [111, 116].
Macrophages also produce inflammatory factors such as TNF-α, IL-6, IL-1b and
chemokines such as stromal cell-derived factor-1 (SDF-1) which act as chemoattractants
to recruit BMSCs to the fracture site [117, 118]. Several studies have demonstrated that
BMSCs are recruited by SDF-1 [119, 120]. In addition, SDF-1 plays a critical role in
reinforcing neovascularisation [121]. BMSCs have been shown to regulate the immune
response via the release of anti-inflammatory and immune modulating factors (e.g.
Prostaglandin E2) to move the bone to a more regenerative phase [122]. In addition to the
regenerative secretome of BMSCs, they are also important in bone regeneration through
their capacity to differentiate into osteoblasts and chondrocytes [123].
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The inflammatory response following fracture repair is therefore a vital component of
fracture healing, whereby inflammatory disorders can hinder fracture repair [124] and
modulation can enhance bone repair (e.g. by encouraging macrophage M2 recruitment
through the release of IL-4 & -13 [111]). Despite our increasing knowledge on the
importance of inflammation in bone repair, bone tissue engineering has been somewhat
slow to adopt this as a potential target to encourage new bone tissue formation, preferring
(with some exceptions [116]) to focus on the end point of fracture repair - namely
mineralisation [112].

1.2.2 Angiogenesis
Bone is a highly vascularised tissue with a high self-healing capacity. Blood vessels
supply oxygen, nutrients, bioactive molecules, cells and remove the waste products from
the fracture site [125]. The role of blood vessels, however, extends that of a vascular
conduit and they independently produce/express factors that are essential for controlling
bone formation. Early studies including those by Trueta (1963), showed that endothelial
cells appeared to promote bone formation prior to the establishment of blood flow [126,
127]. Since then several studies have shown that angiogenesis is closely correlated with
osteogenesis, to the extent that prevention of angiogenesis via inhibiting angiogenic
factors such as VEGF will cause impaired bone repair [128-130].
New blood vessel formation (neovascularisation) occurs through angiogenesis or
vasculogenesis. In angiogenesis, new vessels sprout from existing ones; while, in
vasculogenesis new vessels form where there are no pre-existing ones [131]. Initially, it
was believed that vasculogenesis only happens during bone development in early
embryogenesis. However, Tepper et al. (2005), proved that vasculogenesis also occurs in
adults through a distinct process initiated by the inflammatory response during bone
repair [132, 133]. Nevertheless, most if not all new blood vessels in adult bone fracture
repair comes from pre-existing vessels, although the relative contribution from different
sources of these pre-existing blood vessels (bone marrow, periosteum or compact bone)
requires further research and may depend on the site and type of fracture [134, 135].
Angiogenesis is a complex process involving multiple cell types and growth factors
(Figure 1.5). Following fracture, and damage to the local microvasculature, exposure of
blood to the ECM activates blood coagulation cascades and the recruitment and activation
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of platelets to form a fracture haematoma [136]. Concurrently, without a supply of
oxygen, a drop of oxygen pressure is present at the fracture site stimulating the expression
of a range of pro-inflammatory and pro-angiogenic factors from both resident and
recruited cell types[137]. The haematoma serves as a template to support vascular callus
formation [131]. Consistent with the template role, haematoma stimulates the production
of key modulators, such as VEGF, BMPs and consequently regulates the endothelial cells
(ECs) sprouting, migration and proliferation [138-141].
ECs not only allow controlled oxygen and nutrient diffusion, but also control the
recruitment and transendothelial migration of cells via the expression of a range of
receptors (including E and P selectins to tether L-selectin expressing leukocytes to the
endothelium and ICAM, VCAM, PECAM expression to enable their migration through
the endothelium) [142]. ECs also express various pro-angiogenic factors themselves [125,
143, 144]; however, ECs produce a lot less angiogenic growth factors (per cell) than
immune cells or stem cells [145].The outer layer of the vessels is covered by mural cells
such as pericytes and vascular smooth muscle cells (VSMCs) which are involved in the
stabilisation and maturation of these blood vessels (Figure 1.5) [146-148].
Angiogenesis is vital for endochondral ossification whereby blood vessels invade
cartilaginous matrix, initiating mineralisation [149]. Fracture repair of long bones has
shown a similar pattern to endochondral ossification whereby the vascular invasion of the
soft cartilaginous callous initiates mineralisation. During this process, which is also
known as endochondral angiogenesis, terminally-proliferated chondrocytes become
hypertrophic and express pro-angiogenic factors and modulate angiogenesis [131].
Osteoclastogenesis is also a vascular-dependent process. Monocytes are recruited from
the blood system, migrating through the endothelium to sites needing bone remodelling.
The direct interaction between osteoclasts and endothelial cells is however, unclear.
RANKL expression (an important osteoclastic factor) has been shown to stimulate
angiogenesis [150], whilst bone marrow macrophage osteoclastic differentiation has been
shown to markedly inhibited when osteoclasts are cultured with endothelial cells [151].
The interrelationship between angiogenesis and bone formation is further demonstrated
by the expression of pro-angiogenic factors such as VEGF, EPO, angiopoietin (ANGPT1), platelet-derived growth factor (PDGF), placental growth factor (PLGF), basic
fibroblast growth factor (bFGF) by bone cells, in addition to the expression of VEGF
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receptors by osteoblasts and osteoclasts [152-155]. VEGF is one of the best-characterised
angiogenic factors expressed by a variety of cells involved in fracture repair e.g.
inflammatory cells, osteoblasts and osteoclasts [155]. Moreover, VEGF plays a pivotal
role in bone repair by polarising macrophages towards the M2 phenotype and stimulating
bone repair [156]. In addition to be an important factor that promotes osteoclastogenesis
both in vitro and in vivo [157-159].
Inhibition of VEGF activity also reduces FGF and BMP production [160-162]. FGF is
another important factor involved in angiogenesis that is produced in response to
stimulation by PG and TGF-b [163, 164]. FGF also regulates osteoclast formation,
differentiation and resorption activity via upregulating osteoclastogenesis factors such as
RANKL and cyclooxygenase-2 (COX-2) [165, 166]. TGF-b and PDGF are produced by
platelets [167]. PDGF stimulate angiogenesis as well as osteogenesis by upregulating
VEGF production and acting as a chemoattractant for osteoblasts and BMSCs [168, 169].
BMPs including BMP-2, -4 and -7 are released by osteoblasts and stimulate angiogenesis
indirectly via increasing VEGF production and recruiting neighbouring ECs in the bone
marrow or peripheral blood [141, 170].

Figure 1.5 – Angiogenesis. In response to hypoxia cells produce angiogenic growth factors such as VEGF
and BMPs and induce endothelial cells (ECs) sprouting, receptor binding, activation, proliferation and
directional migration[138-141]. ECs form the inner layer of the vessels, function as a permeable barrier to
allow oxygen and nutrient diffusion and also express different pro-angiogenic factors, for example, VEGF
and FGF to recruit circulating cells such as fibroblasts, BMSCs and macrophages to the site of defect [125,
143, 144]. The outer layer of the vessels is covered by pericytes and vascular smooth muscle cells (VSMCs)
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[146]. During capillary expansion, ECs allow arteries and veins formation, while, pericytes and VSMCs
are involved in vascular remodelling, stabilisation and maturation [147, 148].

1.2.3 Soft Callus Formation
Orthopaedic fracture instances which heal through endochondral ossification require
formation of a semi-rigid cartilaginous matrix known as soft callus [171]. The soft callus
is an avascular tissue that provides mechanical stability to fracture healing and also serves
as a template for hard bony callus formation. Little is known about the exact composition
of the newly formed soft callus, although collagen type I and III have since been detected
in these structures [172, 173]. Following the formation of haematoma and fibrin-rich
granulated tissue, mesenchymal condensations occur and resident BMSCs go through
chondrogenic differentiation until the initial cartilaginous anlage has been formed [174].
Chondrocyte differentiation is regulated by oxygen pressure (see sections 2.5.3 and 2.5.4)
[175], mechanical factors (via the transcriptional co-activators of the hippo pathway YAP
and TAZ [176]) and an array of growth factors expressions including TGF-b2 and -b3,
PDGF, IGF and FGF-1 and BMP-2, -4, -5 and -6, produced by macrophages, ECs,
VSMCs and fibroblasts [171, 177, 178]. The micro-environment determines chondrocyte
differentiation and function. Collagen type II expressing chondrocytes can differentiate
into a hypertrophic phenotype (increased collagen type X, bone sialoprotein, VEGF and
matrix metalloproteinase 13 expression) or articular collagen type II, aggrecan markers
collagen X and apoptosis or form articular cartilage [179]. Transcription factor SRYBox9 (SOX9) and runt-related transcription factor 2 (RUNX2) are two main prochondrogenic genes which control BMSCs fate towards chondrocytes and osteoblasts
respectively [180]. SOX9, together with SOX5 and SOX6, forms a transcription factor
complex which inhibits RUNX2 expression, as well as upregulating other required genes
for soft callus formation such as type II collagen, alpha1 (COL2A1) and ACAN [181,
182].
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1.2.4 Hard Callus Formation
Following chondrocytes hypertrophy, ECs express increased levels of angiogenic growth
factors (VEGF, BMPs, FGF-1, IGF-2 and TGF) [139][159]. ECs invade the soft callus
for capillary in-growth through MMP-9 and MMP-13 secretion which degrades the soft
callus components including collagen type II [183, 184]. Angiogenesis allows BMSC
recruitment, osteoblast differentiation (through RUNX2, Sp7 and Wnt signalling) and
osteoblast led mineralisation (refer to section 2.1.3 for a more detailed explanation) [91,
160]. These processes transform the avascular soft callus into a highly vascularised semirigid tissue known as hard callus or primary bone formation [171, 183, 184]. The newly
formed hard callus has an irregular woven bone configuration and therefore a secondary
bone formation phase (also referred to as ‘remodelling’) is required to transfer the woven
bone into an organised cortical or trabecular bone structure [171].

1.2.5 Remodelling
Remodelling is regulated by osteocyte-osteoblast and osteoclast interactions. Blood
vessels within hard callus enable the delivery of myeloid cells and osteoclasts precursors
to the fracture site. Myeloid cells differentiate into osteoclasts and initiate
osteoclastogenesis in response to IL-1, BMP-2 and TNF-a expression [102]. Osteoblasts
and osteocytes regulate osteoclast differentiation via the RANKL/RANK/OPG pathway.
RANKL expressed on the surface of pre-osteoblastic and stromal cells binds to RANK
receptor on osteoclastic precursors. RANKL differentiates osteoclasts precursors and
leucocytes into multinucleated osteoclasts. Osteoblasts also produce OPG, which inhibits
RANKL-induced osteoclastogenesis and temporarily suspends the remodelling phase to
allow osteoblast bone-forming activities [171, 185].
Polarised osteoclasts adhere to the mineralised surface of the callus and form a sealed-off
border known as the resorption domain, where matrix demineralisation occurs through
acidic vesicles and organic degrading proteinases. The vesicular pathway is responsible
for the removal of the degradation products from the borders. After the resorption process,
osteoclasts return to their non-resorbing mode or go through apoptosis which means that
osteoblasts are able to deposit new bone [60, 186]. Bone resorbing osteoclasts have high
levels of tartrate-resistant acid phosphatase (TRAP) activity. TRAP is an enzyme
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involved in bone remodelling that upregulates ROS production. Osteoclasts express large
quantities of ROS and inhibition of these molecules has been demonstrated to reduce
osteoclast differentiation and activity [187]. Increased ROS expression upregulates the
secretion of lysosomal enzymes such as CATK to degrade the bone matrix [188, 189].
Cytokines such as TNF-a and IL-1 upregulate M-CSF production, an early monocyte osteoclast differentiation factor as well as stimulating RANKL production [15, 67].
Injecting VEGF into mice lacking M-CSF showed upregulated osteoclastogenesis and
bone resorption, suggesting that VEGF can be substituted for M-CSF [190, 191]. VEGF
enhances RANKL levels and using VEGF and M-CSF simultaneously upregulates
RANKL expression [152, 192, 193]. Figure 1.6 provides a summary of the cells and other
factors involved in every stage of bone regeneration.
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Figure 1.6 – Important cells and factors involved in fracture healing. a) Inflammation: Neutrophils release MCP1/CCL2 and attract monocytes and macrophages [110-112].
Macrophages release TNF-a, IL-6, IL-1b and SDF-1/CXCR-4 to recruit BMSCs [117-120]. b) Angiogenesis: Platelets form haematoma [131] which regulates endothelial
cell (EC) sprouting, migration and proliferation through growth factor production (e.g. PDGF, VEGF FGF-2) [138-141]. Pericytes and VSMCs stabilise vessels and inhibit
further angiogenesis [146]. c) Soft callus formation: BMSCs chondrogenic differentiation is regulated by growth factors expressed during the inflammation phase such as
TGF-b, PDGF, IGF-2, FGF-1 and BMPs [171, 177, 178]. The hypertrophic chondrocytes secrete collagen type II and collagen type X [183, 194]. SOX9 together with SOX5
and SOX6 regulate BMSC fate towards a chondrogenic lineage. d) Hard callus formation: Hypertrophic chondrocytes express MMP-9 and MMP-13 to degrade collagen type
II and ACAN [183, 184]. Blood vessels invasion transforms the avascular soft callus into a vascularised hard bony callus [183, 184, 195]. RUNX2 expression controls the
fate of BMSCs to osteoblasts [171]. e) Remodelling: VEGF and M-CSF together with RANK (expressed by osteoblasts) causes monocyte differentiation into osteoclasts
[171, 185]. Osteoclasts resorb hard callus by producing TRAP)and ROS [188, 189]. Osteoblasts also produce OPG and inhibit RANKL production [171, 185].
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1.3 Diseases and Bone Remodelling
Bone remodelling plays an essential role in maintaining a healthy skeleton.
Imbalanced remodelling can result in impaired mechanical properties, increased
fracture risk and skeletal diseases (e.g. osteoporosis and Paget’s disease) [196, 197].
In addition to the balance between bone resorption and formation (bone remodelling),
the rate of remodelling also appears to be important. In the elderly, decreased bone
turnover/remodelling is observed, together with lower bone mineral density, increased
fracture risk, longer fracture healing times and increased risk of impaired fracture
healing [198]. In this section, the major diseases of bone remodelling and their
underlying mechanisms will be discussed.

1.3.1 Osteoporosis
Osteoporosis is a common bone remodelling disorder that causes bone fragility and
increased risk of fracture [196]. In the UK, 3 million people have been diagnosed with
osteoporosis and it has been predicted that by 2020, the cost of osteoporotic fractures
will have increased by 20% to £2.1 billion annually [199]. Patients suffering with
osteoporosis often demonstrate lower bone mineral density (BMD), together with
reduced osteoblasts proliferation, decreased osteoblast differentiation and an increase
in osteoclast resorption activity [200, 201]. Osteoporosis can be divided into primary
and secondary types [202]. The primary type can be subdivided into type I (caused by
oestrogen deficiency in postmenopausal women) and type II (referred to as age-related
osteoporosis in both women and men). However, secondary osteoporosis is associated
with bone disorders caused by various other medical conditions such as metabolic
bone disease and marrow-related disorders [203, 204].
Oestrogen is an important hormone that regulates the RANKL/RANK/OPG pathway
and subsequent osteoblast differentiation and osteoclast activity. Oestrogen deficiency
inhibits osteoblastic sclerostin production and thereby stimulates the Wnt/b-catenin
pathway signalling. The Wnt/b-catenin pathway plays a pivotal role in osteoblastic
differentiation via reducing BMSC chondrogenesis and directs cell fates toward
osteoblastic lineages [205] [43, 44]. Treating post-menopausal women with oestrogen
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has been reported to increase bone volume and thickness by 61% and 12% respectively
[206].
Age-related osteoporosis primarily affects bone formation. Age-related changes
include increased ROS generation by mitochondria and suppressed IGF-1 expression,
which regulate osteoblast function [207, 208]. A decline in IGF-1 level decreases
BMPs expression, osteoblasts proliferation and consequently bone mineral density
[209-212].

1.3.2 Paget’s Disease
Paget’s disease is the second most common bone disease with higher prevalence rate
in elderly population (over 50 years old) [213, 214]. Paget’s disease increases
osteoclastic bone resorption as well as decreasing osteoblast activity. The primary
underlying mechanism of this disease is still unclear although several genes have been
implicated including sequestosome 1 gene (SQSTM1) (osteoclasts overactivity),
cysteine proteinase (CP5) and cathepsin K (CTSK) (bone resorbing), caspase 3
(CASP3) and TNF receptor superfamily member 10A (TNFRSF10A) [215].
Osteoblasts from Paget’s disease bone tissue have also been reported to have increased
production of IL-1, IL-6 and ALP and decreased sialoprotein and osteocalcin levels
leading to the conversion of lytic lesions to sclerotic [216].
Osteoclasts from patients with Paget’s disease has shown decreased responsivity to
RANKL and TNF-a compared to that of healthy controls [215, 217]. Interactions
between RANKL and the SQSTM1 gene have been shown to induce a signal which
activates NF-kB [218]. NF-kB has been proposed as the main signalling pathway
involved in this disease via derailing RANKL/OPG/RANK/NF-kB pathway and
consequently increase osteoclastogenesis [219, 220]. An imbalance between
osteoclasts formation and excessive osteoclasts apoptosis caused by CASP3 and
TNFRSF10A may be another cause of this bone disorder [215]. Chronic viral
infections including paramyxoviral and canine distemper virus have also been
suggested to be involved in the pathogenesis of Paget’s disease [196, 215].
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1.3.3 Osteopetrosis
Osteopetrosis is a rare genetic disease presenting with increased bone density caused
by the inhibition of osteoclast resorption via genetic mutations resulting in
malfunctioning carbonic anhydrase II, proton pumps, chloride channels and CATSK.
Proton pumps lower the pH (4.5) of the resorption lacuna environment by transporting
protons (H+) produced from carbon dioxide and water by carbonic anhydrase II,
causing acid accumulation at the mineralised surface. Chloride channels neutralise the
electrons by transporting Cl- in to the resorption lacuna, whilst CTSK degrades
collagen type I in the matrix [196, 221, 222].

1.3.4 Rickets
Vitamin D deficiency is the most prevalent type of rickets, whereby an increased
expression of RANKL production and a decreased expression of OPG inhibits
osteoblast function, whilst enhancing osteoclast formation and activity. Vitamin D
deficiency promotes osteoclastogenesis via inactivation of vitamin D receptor (VDR)
signalling pathway and expression of FGF23 by osteoblasts, consequently affecting
phosphate homeostasis [223]. Increased bone resorption is a prominent effect of
Rickets which together with low calcium and high PTH levels leads to increased risk
of fracture, osteoporosis and bone loss. Vitamin D supplements can restore normal
bone remodelling activities, but not all forms of Rickets can be treated through dietary
supplements or increased sun-exposure, namely inheritable rickets which results from
genetic abnormalities in the vitamin D receptor [224, 225].

1.3.5 Diabetes
Diabetes mellitus, a disease presenting abnormally high levels of blood glucose
(hyperglycaemia), can lead to bone metabolism disorders, whilst increasing the risk of
non-union fractures, osteoporosis and chronic inflammation [226, 227]. A number of
different mechanisms for the effect of diabetes on bone regeneration and remodelling
have been suggested. These mechanisms include impairment of the HIF pathway [228]
(discussed in section 6.2) and enhanced ROS generation [229]. Hyperglycaemia has
been demonstrated to reduce the expression of RUNX2 in BMSCs and thereby
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reduced bone formation [230]. A downregulation of bone turnover markers
osteocalcin, type I cross-linked C-telopeptide (CTX-1) and type I cross-linked Ntelopeptide (NTX) has also been found in diabetic patients which also suggest a
negative effect on bone remodelling [231].

1.4 Current Treatments and the Need for New Approaches
to Bone Repair
Currently, bone grafting is the most prevalent and successful approach for large bone
defects (e.g. tumours or trauma). Bone grafts are a common approach to enhance
healing of large defects or non-union fractures. An autograft procedure transfers
healthy bone from the patient’s own body to the region of damage. An allograft
procedure uses bones tissue collected from a human donor [232]. A xenograft (the
least common option) involves substituting a bone from a non-human species (most
commonly bovine) [233]. While bone autografts have shown promising results, there
can be issues concerning the availability of suitable bone (especially for patients with
bone diseases), donor site morbidity and infection. Whilst allografts (and especially
xenografts) are associated with non-self-recognition and immunogenicity issues. In all
cases of bone graft intervention, additional mechanical support may be needed in the
form of metal plates or implants to offer the stability needed for effective bone repair
[98]. Permanent implants will however, invariably fail due to the consequence
inflammatory response to wear debris. Synthetic materials, such as bioceramics (e.g.
Bioglass®) are an alternative to bone grafts and are commercially available for nonweight bearing bone defects.
A globally aging population and increasing prevalence of diabetes means that nonunion fractures are on the rise and new approaches to their treatment are needed.
According to a United Nations report, the population over 60 years of age will increase
from 962 million in 2017 to 2.1 billion in 2050 (50%) [234]. In addition, global
estimates of the prevalence of diabetes for 2030 have predicted a 69% increase in the
numbers of adults with diabetes compared to 2010 [235]. Bone tissue engineering may
offer an alternative approach to treat non-union fractures or critically sized defects.
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1.4.1 Bone Tissue Engineering
Bone tissue engineering aims to address the limitations of the current approaches by
regenerating damaged tissues. Bone tissue engineering can either relate to the
formation of new bone tissue outside the body for implantation, or to the use of
materials to stimulate the generation of bone in situ [236]. In both cases, cells and
scaffolds are required, with the majority of research focusing on the final
mineralisation stages of bone formation rather than mimicking healthy bone
regeneration.
Bone scaffolds need to provide; 1) mechanical support during bone regeneration [237],
2) allow angiogenesis (new blood vessels formation) and 3) direct desirable bone cell
behaviour. In order to provide suitable cell binding sites and help mimic native bone
architecture, natural polymers such as collagen, hyaluronic acid, chitosan and RGD
functionalised alginate have used to fabricate scaffolds [238, 239]. However, naturally
occurring material are often associated with poor mechanical properties and have not
been designed to promote new bone tissue growth (rather than fibrous tissue).
Synthetic degradable polymers such as polyglycolic acid (PGA), polyethylene glycol
(PEG) and polycaprolactone (PCL) have also been used due to their tailorable
mechanical and degradable properties, but again do not (by themselves) provide
adequate cell binding motifs or release chemical signals present in native ECM to
encourage bone regeneration. Furthermore, their degradation products have been
shown to potentially hinder tissue formation [240]. Hybrid materials containing both
synthetic materials to supply the mechanical strength and biological components to
guide cell behaviour have also been suggested e.g. polylactic acid (PLA)/collagen
hybrid scaffolds [237, 241, 242].
Selecting suitable cells to stimulate the repair process is another issue for bone tissue
engineering. A wide variety of stem cells have been suggested in previous literature
including embryonic stem cells (ESCs), induced pluripotent cells (iPSCs) and adult
stem cells [243].

ESCs have the advantage of unlimited self-renewal and

differentiation capacity but have several issues regarding controlled differentiation,
tumourgenicity and immunogenicity (apart from ethical concerns). iPSCs overcome
immunogenicity issues but are associated with tumourgenesis and difficulty in
controlling differentiation. Despite their more limited self-renewal capacity compared
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to ESCs or iPSCs, adult stem cells appear to be the most suitable cell type for bone
tissue engineering. BMSCs are the most widely used adult stem cells in bone tissue
engineering literature due to their ability to proliferate and differentiate into
osteoblasts and chondrocytes [244]. Primary somatic osteoblasts are another
alternative cell source. Whilst having the significant advantage of commitment to the
bone cell phenotype, somatic cells are often limited by proliferation potential and
sample acquisition from patients due to its highly invasive nature. Adipose tissue
derived stems cells have also been suggested due to their increased availability
compared to bone marrow, and their ability to differentiate into bone [245],although
questions remain regarding the quality of bone from different stem cells sources.
Gentleman et. al. demonstrated that in-vitro bone derived from ESCs was less
biochemically similar to native bone compared to adult stem cells [246].

1.4.1.1 Growth Factors-Releasing Scaffolds

Scaffolds need to provide an environment that stimulates bone regeneration. The
addition of osteogenic growth factors (e.g. BMPs and VEGF) to the scaffold have been
suggested, with some success in experimental models [247, 248]. The use of growth
factors does however have some disadvantages such as control of temporal and
concentration and deciding which growth factor or combination of GFs in the complex
soluble signalling environment. This is in addition to the cost, short half-life and
instability of most growth factors [249]. In addition, in-vivo application of growth
factors may cause systemic side effects such as heterotopic ossification [250].

1.4.1.2 Ion-Releasing Scaffolds (Ionic Therapy)

Bioceramics have been used as a bone tissue scaffold due to their chemical similarity
to the mineral component of bone (hydroxyapatite) and their ability to release ions
including Ca, Sr, P and Si. These ions can stimulate apatite formation on exposure to
biological fluids (Ca, P) or have a biological role in promoting bone formation for
example through osteoblast proliferation (Si) [251] or osteoclast function inhibition
(Sr)[252]. This more simplistic approach (than GF release) has a number of
commercial advantages in terms of manufacturing cost, ease of designing the
bioceramics to have controlled release and perhaps targeting upstream pathways
[253].
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1.4.1.3 Scaffolds That Regulate the HIF Pathway

Oxygen is a critical factor involved in both the aerobic metabolism of the cells and as
a signalling molecule. Oxygen produces adenosine triphosphate (ATP), (a molecule
responsible for storing and transporting chemical energy within the cells [137, 254])
and regulates cell behaviour via interactions with hypoxia induced transcription factor
(HIF). Blood vessel damage at the site of bone fracture prevents sufficient supply of
oxygen to the tissue and promotes local tissue hypoxia whilst activating the HIF
pathway [230]. Oxygen levels following fracture can decrease from normal levels of
9.4% to 1.54% at the fracture site [255, 256]. The drop in oxygen level is believed to
be a major stimulus for bone regeneration [137]. In this regard, stabilising HIF
pathway artificially using HIF-stabilising materials such as cobalt ions, deferasirox
(DFX) and dimethyloxalylglycine (DMOG) are thought to play a key role in
stimulating angiogenesis and consequently bone formation [257-260]. BGs with a
cobalt ions delivery system have also shown promising results not only in vascular
development but also in evoking osteogenesis and new bone formation [261].

1.5 Hypoxia and Bone Regeneration
Hypoxia is an important trigger for bone regeneration regulated by the HIF pathway
[262] ( as described in Figure 2.7). The HIF pathway consists of HIF-α subunits (HIF1α, HIF-2α and HIF3-α) and a HIF-1β subunit. Both HIF-α and HIF-β subunits have
heterodimeric,

basic

helix–loop–helix

protein

domains

that

facilitate

the

heterodimerisation, DNA binding and together create HIF-1, HIF-2 and HIF-3 [263,
264]. HIF-1β is not oxygen sensitive and is abundant in the nucleus, where it dimerises
with the oxygen sensitive HIF-α subunits and enables hypoxic responsive element
(HRE) gene expression. HIF-1α is known to regulate the expression of ~300 HRE
genes including genes associated with metabolic adaptation to low oxygen conditions,
angiogenesis, lymph angiogenesis, cell survival, inflammation and regeneration [137,
265, 266]. Under normal oxygen conditions (normoxia), HIF-1α is constantly being
degraded due to prolyl hydroxylase domain proteins (PHDs) activity. While under
hypoxic conditions, PHD activity is inhibited, resulting in HIF-a stabilisation [267].
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Box 1. HIF pathway

Figure 1.7 – Hypoxia inducible factor (HIF) pathway. Under normoxia: HIF-1a is hydroxylated via the
oxygen sensing prolyl hydroxylase domain proteins (PHD1, PHD2 and PHD3) on proline residues
P402/P564 in presence of oxygen and 2-oxoglutarate (2-OG) as substrates and Fe2+ as a cofactor. CO2
and succinate are by-products of this reaction [262, 268]. Hydroxylated HIF-1/2α is then ligated and
targeted by von Hippel-Lindau protein for proteasomal degradation. In hypoxia: PHDs activity is
inhibited which results in HIF-1a stabilisation. Stabilised HIF-1a undergoes translocation into the
nucleus and dimerises with HIF-1β and binds to hypoxia response elements (HREs) to stimulate the
expression of numerous hypoxic response target genes [267, 269, 270].

Some of the differences between HIF-1α and HIF-2α may be the sensitivity to
different oxygen concentrations, HIF-1α has been reported to be stabilised under
severe hypoxia (0-1% O2) whereas HIF-2α is stabilised under moderate hypoxia (<5%
O2) [264, 271, 272]. In addition, immunoblotting analysis with antibodies against HIF1α and HIF-2α has indicated that 24h exposure of mice primary osteoblasts to hypoxia
causes both HIF-1α and HIF-2α translocation from the cytoplasm to nucleus, while,
HIF-1α showed more complete translocation than HIF-2α [153]. This correlates with
HIF-2α protein level upregulation during prolonged hypoxic condition [273]. A
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number of studies have begun to unveil the importance of the HIF pathway in bone
regeneration and its importance in regulating different stages of fracture repair (Figure
1.8).
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Figure 1.8 – The Role of hypoxia and HIF in different stages of bone repair. HIF-1a is involved in all
stages of bone repair including inflammation, angiogenesis, soft callus formation, hard callus formation
and remodelling. Fracture causes a hypoxic environment (Day 0), which initiates an inflammatory
phase and the recruitment of fibroblasts, BMSCs and angiogenesis to the injury site [274, 275]. BMSCs
in the hypoxic central region differentiate into chondrocytes and produce a soft cartilaginous (Day 36), which is followed by vascular invasion. In the periosteal region, where more oxygen is available,
BMSCs differentiate into osteoblasts and a woven bone matrix develops (Day 8-20). Hypoxia has also
been shown to enhance BMSCs migration, recruitment and proliferation [100, 177]. HIF-1a also
regulates angiogenesis by increasing angiogenic growth factors expression such as VEGF and bFGF
[276]. During the hard callus remodelling phase where ordered bone is formed, HIF stabilisation has
been shown to be important for osteoclastogenesis, osteoclast function and coupling osteoblastosteoclast cross talk. HIF-1a is involved in all stages of bone repair including inflammation,
angiogenesis, soft callus formation, hard callus formation and remodelling. Fracture causes a hypoxic
environment (Day 0), which initiates an inflammatory phase and the recruitment of fibroblasts, BMSCs
and angiogenesis to the injury site [274, 275]. BMSCs in the hypoxic central region differentiate into
chondrocytes and produce a soft cartilaginous (Day 3-6), which is followed by vascular invasion. In the
periosteal region, where more oxygen is available, BMSCs differentiate into osteoblasts and a woven
bone matrix develops (Day 8-20). Hypoxia has also been shown to enhance BMSCs migration,
recruitment and proliferation [100, 177]. HIF-1a also regulates angiogenesis by increasing angiogenic
growth factors expression such as VEGF and bFGF [276]. During the hard callus remodelling phase
where ordered bone is formed, HIF stabilisation has been shown to be important for osteoclastogenesis,
osteoclast function and coupling osteoblast-osteoclast cross talk.
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1.5.1 HIF Stabilisation during Acute Inflammatory Response
The cellular response to hypoxia is an essential signal for bone regeneration and for
initiating the inflammatory response [106]. Bone formation studies within criticalsized rat calvarial defect has shown that the host macrophage-led immune response is
closely associated with the healing outcome and impaired macrophage polarisation
towards both M1 and M2 prevents angiogenesis onset and consequently fracture repair
[277]. An increase in MCP-1 after 24h incubation of human haematoma under hypoxic
condition (<1% O2) in comparison with normoxia (20% O2) is further evidence for the
crucial role of hypoxia and HIF-pathway in stimulating inflammatory response [278].
HIF-1α also upregulates the leukocyte β2 integrin expression which increases
neutrophils binding to endothelial cells enabling transendothelial migration [279].
Hypoxia has been demonstrated to induce monocyte-macrophage differentiation and
HIF-1α and HIF-1β levels are increased during this process [280].
Hypoxia has been reported to affect macrophages polarisation as well as cytokine
expression profile. Hypoxic activates nuclear factor- κB (NF-κB) pathway in
macrophages [281]. NF-κB activity is regulated by IκB kinases (IKKs). Hypoxia
upregulates IKKβ activity by inhibiting PHD activity and promoting cytokine
expression in macrophages during both bone formation and bone resorption [282]
[283]. A summary of the effects of actual hypoxia and HIF stabilisers on macrophages
polarisation can be found in Appendix A. Figure 1.9 also presents an original figure
based on Appendix A. This data suggests that M1 and M2 phenotypes are affected by
the HIF-pathway but there is little inconsistency exists among these studies
Hypoxia is an important factor for BMSCs recruitment and differentiation.
Preconditioning human BMSCs under hypoxic condition (less than 2% O2) resulted
in an increase in HIF-1a stabilisation and HRE gene expression such as GLUT1,
PGK1 and lactate dehydrogenase A (LDHA) [284]. Moreover, pre-culturing human
BMSCs at 0.5% O2 increased the expression of the stem cell recruitment factor SDF1 ligand [285].
An in-vitro scratch test assay has shown that 24 hours incubation of BMSCs in hypoxic
condition (1-3% O2) significantly enhanced their migratory capacity [286]. In
addition, a 15-fold increase in the number of BMSCs in circulating blood of rats was
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observed upon exposure to hypoxia [287]. The majority of studies have shown
increased BMSC migration as a result of SDF-1 upregulation through HIF-1a
stabilisation, a few other studies have come to contrary conclusions and have shown
that both actual hypoxia (1% O2) and artificial HIF stabilisation using desferrioxamine
(DFO) attenuate human BMSCs migration [288, 289]. This may be partly due to
difference in methodology, including concentration of cells, stage of differentiation,
type of isolation and concentration of HIF stabilisers.

HIF and macrophages polarisation

M1

M2
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CoCl2
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Figure 1.9 –Effect of hypoxia and HIF stabilisers on macrophages polarisation. HIF-1a has been shown
to affect macrophages polarisation. Little inconsistency exists, however, among these studies in terms
of the outcome of hypoxia or HIF stabilisers. Possible explanations for such discrepancies may lie in
the effect of the use of different M1 and M2 inducers such as LPS, IFN-g, IL-4 and IL-13 on HIF-1a
and HIF-2a stabilisation. Takeda et al. has reported that LPS and IFN-g have a greater effect on mRNA
stability on HIF-1a compared to HIF-2a. Conversely, IL-4 induces HIF-2a stabilisation [290]. These
findings are consistent with another study that mice model with HIF-1α deficiency in myeloid cells
showed reduced differentiation to M1 macrophages [291]. Skewing towards an M2 phenotype via
stabilising HIF-2a can promote bone regeneration via increasing osteoblastic differentiation of MSCs,
alkaline phosphatase activity (ALP) and bone mineralisation [292]. In the view of substantial
differences among the literatures, further in vivo and in vitro studies on different cell types with variant
hypoxia exposure duration and using different HIF stabilisers need to be carried out to determine the
exact role of HIF-pathway in macrophages polarisation. An original figure based on data collated in the
Appendix A.
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1.5.1.1 Cell Survival

The HIF pathway is important for cell survival and enables metabolic adaptation to
low oxygen environments, the increased production of antioxidants and the expression
of pro-survival factors (e.g. Heat Shock Proteins) [293]. Regulation of this pathway
may, therefore, help overcome one of the major limitations of stem cell therapies or
tissue engineering [294, 295]. Hypoxia preconditioning of BMSCs has been shown to
enhance cell survival and promote regenerative capabilities after transplantation [285,
295]. Transplanting hypoxic pre-conditioned (1% O2) BMSCs with 0.5mM
Dimethyloxalylglycine (DMOG) to the large mandible defects in aged SD rats has
shown to improve repair process by increasing transplanted cells survival rate [295].
Hypoxic conditioned medium from BMSCs has also gained interest as a potential
treatment for patients with increased risk of developing non-union fractures. In a rat
calvarial bone defect model, injecting hypoxic conditioned medium (48h) from rat
BMSCs to the site of defect significantly improved regeneration and reconstruction
via increasing BMSCs migration and adhesion [296]. This is probably due to elevated
levels of chemokines and growth factors within this media (e.g. IL-6 and VEGF)
[297].

1.5.2 HIF, Angiogenesis and Bone Repair
HIF-1a induces angiogenesis via upregulating angiogenic factors such as VEGF and
bFGF expression by resident cells (e.g. osteocytes, endothelial cells) and recruited
cells (BMSCs and inflammatory cells) [276]. VEGF and bFGF bind to their associated
receptors on ECs (in addition to receptors on both osteoblasts and osteoclasts) and
promote matrix metalloproteinases (MMPs) production which degrade ECM to ECs
sprouting tubule formation [298].
A model based on murine skeletal system has explained how distribution of the
arteries and arteriole-capillary connections in bone is linked with regional differences
in oxygenation and metabolic activity. Accordingly, not all vessels have the potential
to be involved in osteogenesis and only capillaries located at the distal end of the
vascular network which receive more nutrient and oxygen stimulate growth of the
bone vasculature, maintain perivascular osteoprogenitors and have the potential to be
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involved in angiogenesis-osteogenesis coupling. Reduced number of this specific
capillary subtype and osteoprogenitors in bone of the older animals may explain
decreased bone regeneration capability in elderlies [299].
Patients who develop delayed-union and non-union fractures often suffer from poor
oxygen supply in the bone repair site and it has been suggested that the failure to
respond to hypoxia and restore the vasculature may be the major cause of this impaired
healing, rather than a lack of osteogenic capabilities [276]. Large bone defects with
major vascular injuries have a 46% higher chance of impaired healing [300].
Angiogenesis is a complicated process with multiple angiogenic growth factors
involved (including, VEGF, EPO, Angiopoietin (ANGPT)-1, PDGF, PLGF and bFGF
at different stages of angiogenesis. Interestingly these factors are also known to
influence osteoblast behaviour and osteoclastogenesis [155, 301-304], demonstrating
the interconnected nature of angiogenesis and bone regeneration [305].
Angiogenic growth factor release (especially VEGF) from biomaterials/tissue
scaffolds has therefore been widely reported in the literature as a potential method to
promote bone repair. The use of growth factor release for promoting angiogenesis does
however, have a number of disadvantages such as controlled release due to the
concentration dependant effects, their high cost, difficulty in sterilisation, short halflife, instability and possible adverse systemic effects [249]. Considering the multistep
process of angiogenesis there is also an issue of which angiogenic factors to use to
ensure a functional hierarchical vascular system. Indeed, the use of VEGF release by
itself has been reported to cause an inflamed ‘leaky’ vasculature [250, 306]. An
upstream transcription factor (e.g. HIF) would have the advantage of mimicking
normal (healthy) angiogenesis and causing the stepwise expression of a number of
angiogenic factors. Indeed, targeting the HIF pathway (through gene transfer) has been
shown to induce the formation of more stable blood vessels (with MSCs) than VEGF
or PDGF [306]. Targeting the HIF pathway has therefore been suggested as a potential
therapeutic approach to promote chronic wound healing [307] and bone repair [261,
308, 309].
HIF stabilisation strategies need however to control the location and duration of HIF
stabilisation as systemic HIF stabilisation or uncontrolled HIF stabilisation may cause
chronic inflammation, tumour formation and other adverse effects [310-312]. The
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development of HIF stabilising materials is therefore needed to control the release and
have shown promising results in inducing angiogenesis both in-vivo and in-vitro [261,
313]. For example, cobalt is known to inhibit HIF regulating PHDs and has been used
(as CoCl2) to mimic hypoxia in vitro for the last 25 years [314, 315]. CoBGs have
been generated and have been demonstrated to upregulate VEGF expression in a
variety of cell types[261, 316].
Bioactive glasses are a group of silica-based inorganic biomaterials with the ability to
form carbonated hydroxyapatite layer (HCA) with exposure to biological fluids which
facilitates binding of BGs to bone surface and bone regeneration [317, 318]. Porous
collagen-glycosaminoglycan composite scaffolds containing CoBGs exhibited nearly
three times higher level of VEGF production after seven days, and improved
osteoblast proliferation and osteogenesis compared to scaffolds without CoBGs [261].
Consistent with this research, incorporating low amounts of CoBGs (<5%) into
polyurethane scaffolds significantly enhanced VEGF and HIF-1a expression in
BMSCs [316]. In another study with BMSCs, a similar function mesoporous bioactive
glass containing copper improved angiogenesis as well as antibacterial properties
[319]. Hence, HIF stabilisers incorporated bioactive glasses are a good target to couple
angiogenesis and apatite formation. Other HIF stabilising materials releasing other
transition metals (nickel or copper) or chemicals known to inhibit PHD function (DFO
and DMOG) have also been developed [249, 320-325].

1.5.3 HIF and Soft Cartilaginous Callus Formation
Cartilage is an avascular tissue, where O2 and nutrients is diffused from the synovial
fluid, establishing an oxygen gradient between 5% O2 on the articular cartilage surface
to 0.1% O2 in subchondral bone [326, 327]. Schipani et al. (2001) demonstrated that
cartilage

growth

plate

development

in

mammals

occurs

in

a

hypoxic

microenvironment. In this study, deleting HIF-1a in an avascular tissue caused cell
death in the interior of the growth plate [328]. Consistent with this study, HIF-1a is
highly expressed in both limb bud mesenchyme and mesenchymal condensations
during early chondrogenesis [329]. HIF-1a stabilisation increases chondrogenesis via
upregulation of SOX9 expression [330]. HIF-1a knock out in mouse limb bud
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mesenchyme downregulated COL2A1 (the main target of SOX9) as well as causing
morphological abnormalities in cartilage and joint [331]. Furthermore, culturing
human bone marrow stem cells in alginate beads under hypoxic condition (5% O2)
showed increased levels of COL2A1, ACAN and SOX9 [332].
Hypoxia also affects cartilage extra-cellular matrix (ECM) production [270d].
Chondrocytes pellets in ECM exhibited a more oriented morphology of collagen
fibrils when exposed to a hypoxic environment (5% O2) [333]. Bovine chondrocytes
cultured in alginate capsules showed increased GAG and collagen type II- rich ECM
under 2% O2 compared to that at normoxia [334]. Consistent with this study, deleting
HIF-1a in murine limb reduced collagen type II production and proteoglycan
accumulation and changed ECM morphology[329].
HIF-1a is involved in collagen type II formation via post-translational modification
of collagen chains. HIF-1a upregulates collagen prolyl hydroxylase which forms
collagen triple helices by adding 4-hydroxyproline residues to collagen fibrils [335].
HIF has also been shown to inhibit chondrocytes hypertrophy by decreasing
expression of collagen type X and cartilage degrading enzymes [336]. Terminally
differentiated hypertrophic chondrocytes in the centre of growth plate synthesise
collagen type X by upregulating RUNX2 and COL10A1 expression. Collagen type X
is responsible for calcification and mineralisation of matrix [337, 338]. Furthermore,
HIF-1a inhibits Wnt signalling pathway activity via deactivating b-Catenin function
[339]. b-Catenin is a transcription factor responsible for activating Wnt signalling;
therefore, reducing BMSCs chondrogenesis and directing stem cell differentiation
towards osteoblasts[43, 44]. Wnt inhibition, enhances chondrogenic markers
expression and decreases hypertrophic markers [340].
Despite the role of actual hypoxia during soft callus formation, the effects of HIF
stabilisers on this stage of bone regeneration has received little direct attention. In a
recent study by Taheem et al., (2000) chondrogenically-induced BMSCs cultured with
DMOG, DFO and CoCl2 has shown that DMOG induced a more chondrogenic
response in compare with other two materials. DMOG significantly enhanced
expression of SOX9, COL2A1 and decreased COL10A1 levels. These finding may
suggest that chondrogenesis process is mainly associated with mechanisms involving
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2-OG inhibition [260]. Consistent with this study, dissolution products of CoBG have
been shown to reduce human BMSCs chondrogenic differentiation; while bioactive
glasses with no cobalt enhanced BMSCs proliferation and differentiation [327].
Considering the high release rate of cobalt from their glasses (117- 249µM) and
exposure time of 21 days, lower concentration of cobalt or shorter exposure times as
well as effect of other HIF stabilisers need to be tested to confirm if its associated with
the cobalt mechanism of action or not.
HIF-a stabilisation not only affects chondrocytes in ECM, but also increases cartilage
ECM production in BMSCs differentiated into chondrocytes. Chemical induction of
HIF-1a in bone marrow BMSCs has been shown to enhance collagen type II and
proteoglycan secretion [341]. Different mechanism has been suggested for the
cartilage ECM production by HIF; however, upregulation of SOX9 and its target
genes, COL2A1 and ACAN seem to be the main mechanism. HIF-1a plays an
important role in regulating lysyl oxidases (LOX) expression. LOX is an enzyme
responsible for collagen triple helix crosslinking in ECM. Crosslinking of collagen is
essential for ECM compressive strength and tensile. Bovine articular cartilage
explants exposed to 2% O2 showed upregulated LOX level [342].
Targeting the soft callus formation and the early stage chondrogenesis has been
recently suggested as a promising tissue engineering strategy for bone regeneration.
Use of collagen-based tissue engineered constructs as a template together with cells
expressing angiogenic and osteogenic factors has shown significant upregulation of
SOX-9, collagen II and ECM production as well as greater levels of BMSCs migration
and infiltration [343]. Targeting soft callus formation stage with incorporating HIF
stabilising materials into the biomimetic scaffolds as a template may suggest a
promising route to in vivo bone regeneration.
Taken together, chronic hypoxia not only upregulates cartilage matrix components but
also appears to be essential for chondrocytes survival and cartilage function. However,
further research is required to find exact role of chemical HIF-1a stabilisation in
chondrogenic differentiation and soft callus formation stage, and whether this would
increase bone formation.
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1.5.4 HIF and Hard Callus Formation
A number of studies have demonstrated that hypoxia inhibits osteogenic
differentiation and bone nodule formation in-vitro [268, 344-346]. To investigate the
inhibitory role of hypoxia in hard callus formation, two main stages of hard callus
formation including osteogenic differentiation and mineralisation (bone nodule
formation) are discussed in this section following by comparing differences to
artificial HIF stabilisation and actual hypoxia.

1.5.4.1 HIF and Osteogenic Differentiation

Osteoblasts preconditioned at 0.2% O2 for 24 hours before osteogenic differentiation,
exhibited complete inhibition of bone nodule formation as well as reduced RUNX2
expression [344]. Nevertheless, 2% O2 had little effect on osteogenic differentiation
[347].

Exposure to 1% O2 has also reported to downregulate RUNX2 and its

downstream targets, such as ALP, COL1A1, OPN and OCN after 3 days [348].
Furthermore, preconditioning of BMSCs for 48 hours at 1% O2 diminished RUNX2,
osteocalcin and type I collagen expression and upregulated osteopontin levels after 28
days post-exposure but had no effect on cell apoptosis up to 14 days post-exposure
[349]. A suggested connected pathway for hypoxia-mediated impaired osteogenic
differentiation in BMSCs is Notch1 signalling. In BMSCs, Notch1 impairs Wnt/bcatenin activity and triggers osteopenia which inhibits osteoblastogenesis. Blocking
Notch1 activity in BMSCs under hypoxic conditions showed improved osteogenic
differentiation and significantly enhanced levels of RUNX2 [350].

1.5.4.2 HIF and Mineralisation

Utting et al. (2012) were first investigate the effect of long-term hypoxia on
osteoblasts in vitro. In this study, reducing oxygen level from 20% (also referred to as
normoxia in this thesis) to 5% and 2% showed a 1.7-fold and 11-fold decrease in bone
nodule formation respectively. This group attributed the inhibitory effect of hypoxia
to decreased osteoblast proliferation and reduced ALP activity under hypoxic
condition. They also reported that 2% hypoxia had no effect on osteoblasts apoptosis.
Moreover, collagen fibrils tend to be less organised under 2% O2 compared to that at
normoxia [268]. Nicolaije et al. (2012) also demonstrated reduced mineralisation (by
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60-70%) at 2% O2, but demonstrated reduced ALP activity and RUNX2 expression,
diminished reactive oxygen species (ROS) activity and increased osteoblasts apoptosis
[346].
An In-vivo study demonstrated a significant decrease in bone volume of HIF-1a and
HIF-2b knockout mice; whilst stabilising HIF-1a and HIF-2b (via blocking VHL)
increased bone volume [153, 351]. Ischemia and hypoxia at the site of wounds,
inflammation can inhibit bone formation in osteoblasts due to excessive extracellular
hydrogen ions (H+) generation and consequently acidosis. Moreover, acidosis (low pH
environment) reduces collagen production (20/21bush) and ALP production in
osteoblasts [352-354].

1.5.4.3 HIF Stabilisation or Hypoxia

The findings summarised in the previous sections revealed the crucial role of the HIF
pathways in bone regeneration. In this section we focus on the role of HIF stabilising
materials on bone mineralisation to find out whether the inhibitory effect observed by
Utting et al. (2006) [268] is due to actual hypoxia (low oxygen level) or HIF
stabilisation (or both).
CoCl2 pre-conditioned BMSCs implanted into calvarial bone defects in mice exhibited
improved vascularisation and osteogenesis compared with BMSCs without preconditioning [313]. DMOG also exhibited increased VEGF, RUNX2, ALP and
osteocalcin expression and improved osteogenic differentiation potential in rat adipose
BMSCs. DMOG-treated BMSCs incorporated into hydrogels also showed more blood
vessels formation and subsequently more bone regeneration in rats critical-sized
calvarial defects [355]. In-vivo systematic administration of CoCl2 (15mg/kg/day
intraperitoneally) in a rat tibial fracture model promoted fracture repair by increasing
HIF-1a, VEGF, ALP, RUNX2 [356]. Further studies both in-vivo and in-vitro are
required to find out whether osteogenesis is enhanced by HIF-stabilisers, the duration
and concentration of HIF mimetic exposure and which type of HIF mimetic results in
the best bone regeneration, especially in patients more likely to suffer from impaired
bone healing (e.g. diabetic patients).
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1.5.5 HIF and Bone Remodelling
Despite the inhibitory effects of hypoxia on bone nodule formation in-vitro [8], invivo hypoxia has been demonstrated to increase the rate of fracture repair [129, 268,
309, 346]. This may suggest that the earlier stages of fracture repair are just as, or
more important as the callus mineralisation stage. One of these mechanisms could be
the effect of low oxygen on osteoclasts. Hypoxia has been reported to increase
osteoclasts differentiation from feline, murine and human monocytes [357-360].
Arnett et al. (2003) reported that reducing oxygen level from 20% to 0.2% in mouse
marrow cells cultured on ivory discs for 13 days increased multinucleated osteoclasts
formation and consequently increased resorption pits [359]. Knowles et al. (2009)
similarly showed that culturing human osteoclasts under 2% O2 stimulated osteoclasts
activity, but that severe hypoxia (0.1% O2) completely abolished resorption [357].
Co-culturing osteoblasts and PBMCs revealed that the increased osteoclastogenesis
may be via the upregulated expression of osteoclastogenic factors RANKL and VEGF
and a decrease in OPG by osteoblasts [361]. Consistent with this study, hypoxia
upregulated VEGF and RANKL in neuroblastoma cancer cells, which also increased
osteoclasts differentiation in murine macrophage RAW264.7 cells [362]. Applying
conditioned medium collected from MG-63 osteoblastic cell line exposed to 0.1% O2
for 24 hours to PBMCs also increased osteoclast differentiation [363].
An alternative hypoxia-induced osteoclastogenesis mechanism is suggested by
Fukuoka et al. (2005) who demonstrated the increased expression of insulin growth
factor-2 (IGF-2) in non-osteoclastic cells under hypoxic condition [364]. A further
paper by the same group suggested that IGF-2 may increase osteoclastogenesis by
encouraging multinucleated cells formation via SDF1 and CXCL7 [365]. Osteocyte
hypoxic conditioned medium has also been shown to increase growth differentiation
factor 15 (GDF15) expression and upregulated osteoclastic differentiation of
RAW264.7 cells through promoting NF-kB signalling [366]. Exposure to 2% O2 also
caused significant upregulation in ANGPT4 expression level. ANGPT4 is the one of
the most important HIF-1α target gene during osteoclastogenesis [346].
HIF and mechanotransduction may also be interlinked pathways in promoting
osteoclastogenesis. In a temporomandibular joint-osteoarthritis rat model, mechanical
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overloading stimulated HIF-1 expression and increased osteoclastogenesis in
chondrocytes [367]. Hypoxia and HIF have been shown to directly influence the
activity of the important mechanotransduction transcription factors Ras Homolog
Family Member A (RhoA)/Rho-associated protein kinase (ROCK) [26, 27].
Oestrogen deficiency has also been shown to stabilise HIF-1a in osteoclast even
under normoxic condition and activate osteoclastogenesis which is the main cause of
osteoporosis due to menopause [368]. Oestrogen receptor-a (ER-a) is an oestrogendependent transcription factor that can stabilise HIF-1a [369]. The effects of these
materials on bone remodelling suggest that targeting HIF-induced osteoclastogenesis
and remodelling may be a novel strategy in bone tissue engineering.
Despite the well-investigated role of hypoxia in stimulating osteoclastogenesis, it is
unclear if stabilising HIF-1a using HIF stabilisers under normoxic condition will also
stimulate osteoclastogenesis, or which HIF mimetic at which stage of differentiation
would be most effective. Bone marrow derived monocytes have, however, been
reported to exhibit increased osteoclastogenesis and resorption potential [370].

1.6 Hypoxia, HIF and bone regeneration in diabetic
conditions
Hyperglycaemia has been shown to decrease the expression and activation of HIF-1a
although the exact mechanism is poorly understood [228]. A suggested mechanism is
hyperglycaemia-induced ROS generation which inhibits HIF-1 activity through
repression of Ras-related C3 botulinum toxin substrate (Rac1) expression (a protein
secreted in insulin sensitive tissues responsible for glucose uptake [229]). In addition,
the reaction between O2- and nitric oxide (NO) results in a decrease in steady-state NO
concentration and reduces NO-induced HIF-1a activation and accumulation. ROS can
also degrade HIF-1a by activating proline hydroxylase domain (PHD) and ubiquitinproteasome activity in the presence of iron [371, 372]. Hyperglycaemia also reduces
the binding of HIF-1a, HIF-1b, HIF-1a and p300 (a co-activator of HIF-1a).
However, artificially stabilising the HIF-pathway under high glucose conditions using
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DFO has been shown to improve HIF-1a and p300 association by reducing ROS
generation and inhibiting AGEs-induced p300 modification in diabetic tissues [373].
As a result of the destabilisation of the HIF-pathway, the cellular response to hypoxia
has been shown to be impaired in diabetic conditions and hyperglycaemia [228]. HIF1α has been shown to regulate SDF-1 and its G-protein-coupled receptor CXCR-4
[374]. As diabetes was shown to reduce the circulating endothelial progenitor cell
(EPC) by inhibiting SDF-1-mediated AKT phosphorylation, it can be suggested that
the inhibition could arise from hyperglycaemia given its impairment HIF-1 [375]. The
downregulation of HIF in diabetes could also explain the impaired angiogenesis, as
HIF is a key regulator of the angiogenic pathways in bone healing [376].
In another study by Fadini et al. (2005), diabetic rats exhibited defective bone marrow
mobilisation of ECs in ischaemic tissues due to inability to upregulate muscle HIF-1a
and consequently altered release of SDF-1 and VEGF [377]. Diminished HIF-1a
activity in high glucose environment also supressed glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression, an enzyme responsible for glucose breakdown
to obtain energy [378]. Administration of AdCA5, an adenovirus encoding an active
form of HIF-1a, into diabetic mice reduced impairment of circulating angiogenic cells
and thereby, increased vascular remodelling [379]. Administration of VEGF together
with Ang-1 in diabetic rats increased angiogenesis. Ang-1 regulates angiogenesis and
increases vascular maturation via inhibiting PHD-2 activity and stabilising HIF-1a
[380].
Administration of Exenatide, a glucagon-like peptide-1 receptor agonist (GLP-1)
exhibited improved bone formation in a murine model of diabetes mellitus [381].
Moreover, GLP-1 has been shown to enhance HIF activity in beta cells via stimulating
insulin receptor substarte-2/ thymoma viral proto-oncogene (IRS2/AKT) pathway and
Ser/Thr kinase mTOR. IRS2-AKT pathway is a critical regulator of GLP-1 function.
GLP-induced HIF-1 stabilisation also increased pancreatic beta cells viability and
mediated their function. Beta cells are responsible for storing and releasing insulin
[382]. Taken together, controlled insulin therapy together with artificial stabilisation
of HIF-1a using HIF-stabilising materials may offer a rational therapeutic strategy for
improving bone regeneration in diabetic patients with poor metabolic control.
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1.7 Diabetes and inflammatory response
HIF stabilisation is known to increase the production of a number of pro-inflammatory
factors such as TNF-a and IL-b during bone healing [383]. Diabetes (and therefore
impaired HIF stabilisation) has also somewhat contradictorily shown enhanced release
of pro-inflammatory cytokines such as TNF-a, IL-1b and IL-6, IL-18, IL-17 and IL23 and a decrease of anti-inflammatory cytokine production including IL-10, IL-4 and
IL-1 [384-387]. This Indicates that the pro-inflammatory role of hyperglycaemia may
be HIF pathway independent and may be due to secondary factors such as infection.
The comorbidities and complexity of the in-vivo environment highlight the importance
of simple hyperglycaemia in-vitro studies to unpick the relationship between HIF and
diabetes.
Patients (and models) with type II diabetes have been found to have significantly
increased levels of TNF-a in diabetic conditions have been reported to upregulate
caspase 3 activity in osteoblast cells resulting in increased apoptosis [388]. Increased
level of IL-17 and IL-23 in T1DM also increased osteoclast formation through
upregulating RANKL production [384]. Enhanced IL-b production is associated with
NLPR3 inflammasome which is triggered by islet amyloid polypeptide (IAPP), a
peptide hormone that is co-secreted with insulin [389]. This suggests that the
pathological effect of diabetic mellitus on bone healing is not associated with
hyperinsulinemia in T2DM, although might occur as a result of IAPP accumulation.
IL-b overexpression in diabetics can also inhibit BMSCs differentiation into
osteoblasts via reducing Wnt-b-catenin pathway activity [390]. Moreover, diabetic
patients exhibited lower serum concentrations of b-catenin than healthy patients [391].
Moreover, diabetes activates forkhead box protein O1 (FOXO1) which promotes proinflammatory response instead of production of anti-inflammatory growth factors such
as TGF-b1 [392]. In another study, deletion of FOXO1 has been shown to reverse the
diabetic-induced impaired fracture healing [393].
In diabetic wound healing, hyperglycaemia has been shown to inhibit HIF-1a
activation and therefore suppresses the expression of HIF-1a target genes such as
SDF-1 [307]. These findings are in accordance with the impaired BMSCs recruitment
to the fracture site in diabetic environments [394]. The fracture callus is normally
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smaller in diabetic patients than normal due to the limited number of BMSCs available
to recruit for the healing process [395]. Reduced numbers of BMSCs in diabetic
patients has also been suggested to cause osteoporosis [396]. Furthermore, culturing
BMSCs in low glucose medium after exposure to diabetic environment did not reverse
their functionality which suggests that the changes in the BMSCs are permanent [397].
Diabetes also increased macrophage inflammatory protein-1 and -2 (MIP-1 and MIP2) and macrophage chemoattractant protein-1 (MCP-1) expression due to prolonged
inflammation phase which might also induce an impaired healing [398, 399]. Chronic
hyperglycaemia also elevated AGEs production. AGEs bind to a number of receptors
including the receptor for AGE (RAGE) and stimulates inflammatory cytokine
production [400, 401]. Moreover, in diabetic patients, the level of BMP-2 and BMP6 did not exhibit significant changes before and after injury; whereas, in healthy
patients, BMP-2 and BMP-6 expression increased during bone healing stages until day
22 where it reached its peak [384].

1.8 Diabetes and angiogenesis
HIF stabilisation is an important pro-angiogenic factor and patients with diabetes have
reduced angiogenic response and consequently decreased wound and fracture healing
[402, 403]. Diabetes has been reported to cause an abnormal angiogenic response
(vasculopathy) during bone regeneration [377, 404]. Diabetic-induced excessive
angiogenesis results in diseases such as retinopathy and glomerular nephropathy and
accelerated atherosclerosis leading to coronary artery, cerebrovascular and peripheral
vascular diseases [405]. One major player in causing abnormal angiogenesis in
diabetics is having high levels of IL-12 in their blood [406]. In contrast, disruption of
IL-12 in diabetic mice has been shown to decrease oxidative stress and increase VEGF
production [407]. Moreover, another study reported reduced levels of VEGF (54%),
PDGF (45%), TGF-b (50%) and IGF-1 (52%) in diabetic rats fracture compared with
those of healthy rats after 7 days [408]. On the other hand, HIF-1a activation has been
reported to increase VEGF and PDGF levels [276, 305]. Therefore, artificially
stabilisation HIF-1a using HIF stabilisers may improve bone regeneration.
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Matrix metalloproteinases (MMPs) are suggested to play a key angiogenic role in bone
repair [409]. Diabetes has been shown to suppress MMP-2 expression and upregulate
MMP-1, MMP-2, MMP-9, MMP-13, and MMP-14 [410, 411]. The upregulation of
MMP-2 and MMP-9 in relation to T2DM showed an elevation in angiostatin
production (an angiogenesis inhibitor) and reduced VEGF levels, which might explain
the impaired angiogenesis in diabetics patients [412]. However, hypoxia and high
lactate level have been shown to increase VEGF and bFGF release from macrophages.
These angiogenic factors bind to their receptors on endothelial progenitor cells (ECs)
and promote MMPs production. MMPs then degrade ECM to clear space for ECs
proliferation and vascular tubules formation [298]. ECs from diabetic patients have
been reported to be functionally compromised due to reduced proliferation, adhesion
and incorporation into vascular structures [413]. ECs are recruited from bone marrow
in response to fracture and contribute to bone healing [414]. Diabetes impairs ECs
functionality via enhancing dicarbonyl metabolism in ECs which induces anoikis and
subsequently inhibiting angiogenesis [415].

1.9 Diabetes and callus formation
Diabetes impairs numerous components of soft and hard callus formation.
Histomorphometric analysis of ectopic bone in diabetic rats suggested a delay in
chondrogenesis and a clear reduction in vascular invasion within the decalcified bone
matrix [416]. Enhanced levels of TNF-α result in excessive chondrocytes apoptosis
and premature resorption of the cartilaginous callus [417, 418]. One of the features of
impaired fracture healing observed in the diabetic rat models is decreased synthesis of
collagen secondary to impaired cellular proliferation or migration [419, 420]. Stolzing
et al. (2010) suggested that BMSCs might become exhausted and thereby exhibit
reduced differentiation potential which results in loss of trabecular bone in diabetic
patients [397]. Moreover, HIF-1a stabilisation in low glucose environment has been
shown to promote vascular invasion [298] and BMSCs migration [287]. Thus, HIF1a activation in diabetic conditions may also favour soft callus formation.
Prolonged hyperglycaemia has also been associated with chronic release of in the
blood which reduce osteoblast activity and differentiation and increases osteoblast
apoptosis [421, 422]. Moreover, hyperglycaemia reduced the expression of RUNX2
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which led to inhibition of bone formation [230]. Osteogenesis was observed in the
nondiabetic bone matrix by day 11 and remodelling by day 14; whereas, in diabetic
rats, osteoblasts proliferation reached a low level (~35%) of nondiabetic controls after
3 days and only a very few osteoblasts were present by day 14 in the bone matrix
[416]. Hyperinsulinemia has been reported to inhibit bone regeneration; however, low
levels of insulin has shown promising results in preserving and increasing bone density
and bone strength via stimulating osteoblasts activity [423]. Insulin administration in
an in-vitro mice model suppressed twist 2 expression (an inhibitor of osteoblasts
development), enhanced expression of osteocalcin and promoted bone formation
[424]. On the other hand, HIF-1a activation in non-diabetic environments has been
reported to upregulate RUNX2 expression and promote bone regeneration [425].
Therefore, further investigation is needed to find out whether the similar effect can be
observed in diabetic conditions.

1.10 Diabetes and remodelling
Prolonged inflammatory response due to cytokine dysregulation, AGEs and ROS
production in diabetic patients as well as poor insulin signalling pathway has been
reported to cause diabetes-increased osteoclastogenesis [96]. This may be because
high levels of glucose have been shown to stimulate ROS generation via the AGE
pathway, which in turn has been reported to increase osteoclast formation and activity
[197, 426]. Disruption of oxidative phosphorylation enzyme activity via electron
leakage at complex I (NADH: ubiquinone oxidoreductase) or complex III (ubiquinol:
cytochrome c oxidoreductase) has been shown to mediate excess mitochondrial ROS
production [426]. ROS upregulation has also been reported to increase NF-kB
expression

which

inhibits

osteoblastic

bone

formation

and

promotes

osteoclastogenesis [197, 427]. Studies on both diabetic mice and human patients found
that osteoclast differentiation was enhanced by hyperglycaemia, suggesting an
increased capacity for bone resorption and impaired fracture healing. Diabetes also
enhanced osteoclast formation and imbalanced remodelling phase during periodontal
disease and osteoporosis [96]. Hyperglycaemia upregulates the inflammatory cytokine
OPG and downregulates RANKL. This dysregulation may enhance RANKL/OPG
ratio which together with TNF-a lead to greater bone resorption [384, 428, 429].
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However, HIF-pathway activation in non-diabetic environments has been reported to
enhance RANKL expression and decrease OPG levels [430]. Thus, artificially
stabilising HIF-1a in diabetic conditions may suggest therapeutic technique to balance
impaired bone resorption and formation.
Hyperinsulinemia also excessively increased IGF-1 levels, resulting in an increase in
marrow adipogenesis, causing an excessive increase in bone mineral density and
therefore forming abnormally dense but brittle bones [431, 432]. The increase in bone
mineral density also downregulated osteoclastogenesis due to reduced expression of
bone turnover markers including osteocalcin, type I crosslinked C-telopeptide (CTX1), and type I crosslinked N-telopeptide (NTX) and consequently impairs bone
remodelling [231].

1.11 Anti-diabetic medications and their effect on bone
regeneration
Current drugs for diabetes can be divided into four types: 1) insulin, 2) insulin
secretagogues (Sulfonylureas, Meglitinides, gastric inhibitory peptide, glucagon-like
peptide-1), 3) insulin sensitizers (Thiazolidinedione and Biguanides), 4) blood glucose
lowering molecules (Sulfonylureas, Alpha-glucosidase inhibitors, dipeptidyl
peptidase inhibitors, and amylin agonists) [433, 434]. T1DM patients are dependent
on exogenous insulin, which can be divided by their metabolic rate in human body
into rapid-acting insulins, intermediate-acting insulin and long-acting insulins [435,
436]. Non-insulin-dependent diabetes mellitus (T2DM) is characterized by glucose
intolerance and insulin resistance and will lead to hyperglycaemia and
hyperinsulinemia. In the early stage, the beta cells create excess insulin, but the body
cells fail to consume it. As such, the aim of treatment is to aid the body in reducing
excess glucose whilst increasing insulin sensitivity. However, with the progression of
the disease, insulin secretion is progressively reduced and patients with T2DM
eventually need to take exogenous insulin [437].
When studying bone fracture healing in diabetic patients, it is important to take into
account that these patients have a history of administration of antidiabetic medications.
Some of the medications such as pioglitazone (which lower blood glucose), can cause
alterations in skeletal properties, negatively impacting on the process of bone fracture
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repair. Diabetic patients treated with pioglitazone exhibited an 11% increase in serum
sclerostin levels compared with healthy controls which is associated with increased
skeletal fragility and higher risk of fractures [435]. Metformin has also been shown to
increase the bone mineral density in diabetic patients as it stimulates the proliferation,
differentiation and mineralisation of osteoblasts [438].
Another common insulin sensitizer family of drugs for diabetes are thiazolidinediones
(TZDs) such as rosiglitazone and pioglitazone. These drugs can become useful when
metformin fails to reduce the blood glucose to the desired level. TZDs accomplish this
function through binding to peroxisome proliferator-activated receptor γ (PPARγ) (a
nuclear regulatory protein participated in regulating the gene transcription of glucose
and adipose metabolism). RRARγ reacts with peroxisome proliferator responsive
elements (PPRE), which can eventually increase the translation of mRNAs into
insulin-dependent enzymes thus enhancing the patient’s insulin sensitivity [439].
However, clinical evidence demonstrates that TZDs impaire the bone healing in type
2 diabetes mellitus patients. A randomised controlled experiment done by Chen in
2015 indicated a increased rate of fracture in T2DM patients taking TZDs with the
extension of time, especially for women under sixty. In another diabetes observational
cohort study, female participants (including both pre and post-menopause) taking
rosiglitazone, showed a significant loss of BMD and twice the rate of non-spine
fractures compared with using glyburide and TZDs [440]. TZDs induce the BMSCs
to differentiate into adipocytes rather than bone structural component osteoblasts. The
formation

of

terminally

differentiated

osteoblasts

causes

the

activation

of Runx2/Cbfa1 and Dlx5, whereas PPAR-γ2 enhance the expression of adipocytespecific genes [435, 440, 441]. As mentioned previously, TZDs binds to the PPAR-γ
so that it inhibits the formation of osteoblasts and the ability of osteoblasts to
mineralise the collagen matrix, and eventually convert BMSCs to adipocytes [442]. In
a double-blind randomised controlled trial, after the treatment of TZDs, the alteration
of osteoblast and adipocyte-specific marker genes were observed, and the abundance
of mRNAs for Runx2/Cbfa1 and Dlx5 dropped whereas the PPAR-γ2 was
significantly increased [439, 442].
TZDs also cause side effects on hormones associated with bone metabolism such as
reducing the level of IGF-1 and estrogen [231]. IGF-1 is a crucial mediator of bone
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healing. The activation of PPAR-γ with the existence of TZDs exerts an antagonistic
effect on the components of the IGF regulatory system both in-vitro and in-vivo [435,
439]. Estrogen is also known to participate with callus remodelling during bone
healing, enhancing osteoclast differentiation, bone resorption and increases the
chondrocyte areas and callus mineralisation [435, 440]. The last possible mechanism
suggests that TZDs can negatively affect bone healing by inducing apoptosis of
osteocytes whilst increasing expression of sclerostin [439, 441].
Platelet-rich plasma (PRP) has also been recently suggested as a potential treatment
for improving diabetic fracture repair. PRP contains high levels of growth factors such
as PDGF and TGF-b. Percutaneous injection of PRP led to increased cellular
proliferation in diabetic rat fracture calluses to a level that matches the level in
nondiabetic animals. Moreover, PRP treatment improved the mechanical strength of
the diabetic rat fracture callus [408, 443]. However, another study conducted by
Galasso et al. (2008) on human bones has reported that PRP therapy alone does not
improve non-union long-bone fractures in humans and a combination of self-locking
intramedullary nailing technique and PRP is needed [444]. PRP therapy has less
complications such as reduced infection, swelling, pain compared to bone grafting
techniques [445]. One of the other limitations regarding using PRP is distinguishing
the effects of specific factors since PRP provides a varieties of growth factors.

47

1.12 Thesis Aims and Objectives
The overall aim of this project is to investigate the effect of hypoxia and HIFstabilising materials on bone regeneration and nodule formation, to inform both our
understanding of bone disease and to determine the feasibility of developing materials
that can regulate the HIF pathway for improved bone regeneration. This may be
especially important in the elderly and diabetic patients who are more prone to nonunion fractures and have an impaired HIF pathway. Restoration of the HIF pathway
through the release of chemical regulators may restore normal bone repair and offer a
new approach to bone tissue engineering. Throughout this thesis, a quantitative and
multidisciplinary approach to bone nodule characterisation is undertaken whereby
bone nodule size (and volume) is quantified, the biochemical composition determined,
and the ultra-structure imaged and compared to native bone. This multidisciplinary
approach will allow an improved idea of how HIF stabilisation effect bone nodule
formation in different disease models (e.g. high glucose environments) and which HIF
stabilisers will prove most suitable for enhanced bone repair.
The specific aims of the thesis are to:
1. To establish an in vitro model of bone nodule formation
2. To develop a multidisciplinary analysis pipeline for characterising bone
nodules and compare between treatments and with native bone
3. To determine if hypoxia (1% O2) affects bone nodule formation in vitro
4. To determine if hypoxia and artificial HIF stabilisation have different effects
on bone nodule formation
5. To determine the effect of Si and Si-bioactive glasses on bone nodule
formation
6. To determine if controlled release of cobalt from Si-bioactive glasses affect
bone nodule formation
7. To establish an in vitro hyperglycaemic bone formation model
8. To find out if glucose inhibit nodule formation
9. To determine if HIF stabilising agents restore nodule formation in high glucose
environment
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(Figures of this thesis are made with images available at Servier Medical Art:
smart.servier.com)
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Chapter 2

General Methods and Materials

This thesis investigates the role of hypoxia and HIF stabilisers using a rat in vitro bone
model. Initial experiments with the osteoblast SaOs-2 cell line found, despite a number
of publications demonstrating nodule formation, that bone nodule formation was
limited and difference between positive and negative was quantitatively small. For this
reason, an established primary rat calvarial bone nodule was used [446], where
differences between hypoxia and normoxia osteoblast culture have been
demonstrated. This model also used less additional phosphate, which may cause
spontaneous mineralisation and thereby mask treatment results [446].

2.1 Enzymatic Rat Osteoblasts Isolation
Calvarial osteoblastic cells were isolated from 3-day-old Sprague-Dawley rats
according to the sequential enzyme digestion protocol described by Orriss et al. (2012)
[447]. All animal experimentation protocols were approved by the University College
London (UCL) Animal Care Services and were carried out in accordance with the UK
Animals (Scientific Procedures) Act 1986 upholding the highest standards of ethical
practice and care in all aspects of this research. Neonatal rats were chosen in
comparison to adult subjects due to the optimal growth and mineralising potential of
their initial cell population. In contrast, bone cells from adult rats are terminally
differentiated and have a lower proliferation rate and reduced capacity to form bone
[46]. The neonatal rats were euthanized, sterilised with 70% (v/v) ethanol and
transferred to the flow cabinet. The head was separated, and a scalpel incision was
made along the skull to remove the skin before dividing the head in half. Following
removal of the brain tissue, the jaw and excess cartilage tissues, the calvariae were
washed with phosphate-buffered saline (PBS; Life Technologies, Inc.) in a 5mL
container (Greiner Bio-One). PBS was then replaced with 1mL (per calvarial bone) of
0.25% (v/v) trypsin solution containing 1mM ethylenediaminetetraacetic acid (EDTA)
(Sigma-Aldrich) and the calvariae were then incubated at 37°C in a 5% CO2 (Binder
GmbH, Tuttlingen, Germany).
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After 10 minutes of incubation, the trypsin was discarded and the calvariae were
washed with a-modified essential medium (a-MEM; Life Technologies) containing
nucleosides and supplemented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific), 2mM L-glutamine (Life Technologies) and 1% antibiotic/antimitotic (100
U/mL penicillin, 100 µg/mL streptomycin and 0.25 µg/mL amphotericin) (SigmaAldrich). The bones were then washed with a-MEM, and incubated with 800 µL of
0.2% collagenase solution, per calvarial bone (Sigma-Aldrich) for 30 minutes at 37°C.
The collagenase was discarded and replaced with a fresh solution and incubated for a
further 60 minutes at 37°C. Following collection of the final collagenase digest and
washing of the residual cells in 5mL of a-MEM, isolated osteoblasts were centrifuged
in an MSE MISTRAL 1000 bench top centrifuge (Sanyo Inst., UK) for 5 minutes at
1500 rpm at room temperature. The resulting cell pellet was then resuspended in 1mL
(per calvarial bone) of a-MEM, filtered with a 100 µM cell strainer (BD Biosciences)
to remove any remaining bone tissue fragments and plated into a 75 cm2 tissue culture
flask (T75; Corning), with 20 mL of a-MEM added. The plate was subsequently
incubated at 37°C for 3 days until the cells reach confluency (Figure 2.1).

Figure 2.1 – Schematic illustration of enzymatical primary rat osteoblast isolation. Primary rat
osteoblasts were isolated from 3-day-old Sprague Dawley (SD) rats using the enzymatical digestion
method. The calvariae were washed in PBS and incubated at 37 °C in trypsin (1mL per calvarial bone)
for 10 minutes. After discarding trypsin and washing the bones with a-MEM, 800 µL (per calvarial
bone) of collagenase was added and samples were kept in an incubator for 30 minutes. The collagenase
was replaced with fresh solution and incubated for a further 60 minutes. Final digest was collected and
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spun for 5minutes at 1500 rpm. The resulting cell pellet was resuspended in a-MEM and transferred
into a 75 cm2flask and incubated at 37 °C until the cell reached confluency.

2.2

In Vitro Bone Nodule Formation

Confluent primary rat osteoblasts were washed with PBS and treated with 2ml of
0.25% (v/v) trypsin-EDTA for 10 minutes at 37°C for enzymatic detachment of the
cells from the flask surface. Following inactivation of trypsin with 10 mL a-MEM
and spinning the cell suspension for 5 minutes at 1500 rpm at room temperature, the
supernatant was discarded, and the pellet was resuspended in 1 mL of aMEM. A cell
count was performed using a haemocytometer (Optik Labor, depth 0.1 mm, cell size
0.0025 mm2) and the cells were seeded at a density of 60,000 cells/12-well plate
(Corning) in a-MEM.
For Raman spectroscopy measurements, 13mm diameter MgF2 disks (thickness: 1mm;
Crystan) were placed in the wells prior to seeding in order to minimise substrate
interference with Raman spectral analysis. To facilitate removal of the nodules from
the wells for further microscopy quantification, 21 mm diameter Melinex disks
(thickness: 175 µM; Agar Scientific) were prepared with a laser cutter and used for
cell seeding. Both MgF2 and Melinex disks were washed with water and soap,
followed by sterilising in 70% ethanol and a final rinse was performed with PBS and
a-MEM to remove any residual liquid ethanol before seeding the cells.
When confluent (2-3 days), cells were then treated with either HIF-1a stabilising
materials (cobalt and CoBG), sodium metasilicate (Na2SiO3) or moderate (4.5g/L) and
high (9g/L) glucose mediums and maintained in normoxia (20% O2) for 21 days or
exposed to hypoxia (1% O2) in an Innova CO-48 hypoxia incubator (New Brunswick
Scientific, Edison, NJ, USA). All osteoblast conditioned mediums were prepared in
a-MEM containing 2mM β-glycerophosphate, 10nM dexamethasone, and 50μg/mL
ascorbate (Sigma-Aldrich) and were kept overnight in normoxic or hypoxic incubation
in a ventilated T25 flask to stabilise the pH. Half the volume of the medium was
exchanged for fresh medium every 2-3 days.
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2.3 Preparation of CoBGs, Cobalt Chloride and Sodium
Metasilicate Conditioned Mediums
2.3.1 BGs manufacture
Three sets of CoBGs containing 0, 1 and 4 mol% cobalt (0,1 and 4%CoBG) were
prepared using the melt-quench technique as previously described [269, 448]. In brief,
glass compositions were made using CaO, Na2O, P2O5, SiO2 and CoO. In accordance
with Table 2.1, the powders were mixed and melted at 1400°C in a furnace for 90
minutes in a platinum-rhodium crucible. The melted glass was then quenched in
deionised water and dried at 100°C in an oven over night. Following grinding of the
glass, powders were sieved to collect particles smaller than 38µM.
Table 2.1 – Compositions of the CoBGs in molar percentage (mol%) and weight percentage (wt%). Wt
equates to the mass weight in grams.
0%CoBG

1%CoBG

4%CoBG

mol%

wt%

wt(g)

mol%

wt%

wt(g)

mol%

wt%

wt(g)

SiO2

46.13

45.00

45.00

46.13

44.86

44.86

46.13

44.46

44.46

Na2O

24.35

24.51

41.90

24.35

24.43

41.77

24.35

24.43

41.77

CoO

0

0

0

1

1.21

1.93

4

4.85

7.70

P2O5

2.60

5.99

5.99

2.60

5.99

5.97

2.60

5.97

5.97

CaO

26.91

24.50

43.73

25.91

23.52

41.97

22.91

20.80

37.11

Total

99.99

100.00

136.62

99.99

100.00

136.51

99.99

100.00

137.02

3.3.1.1 BG Conditioned Medium Preparation
To prepare the BG conditioned medium, CoBG powders were added to a-MEM at a
concentration of 1.5mg/mL and incubated at 37°C on a roller shaker for 10 minutes,
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30 minutes, 2 hours and 4 hours. The samples were prepared in an incubator because
ion release profiles are affected by temperature and pH. At the stated time intervals,
the samples were passed through a 0.2 µM PES membrane syringe filter (Corning)
and the ion release profile was determined using inductively coupled plasma-optical
emission spectroscopy (ICP-OES; Thermo Fisher Scientific iCAP 6000 Series, UK).
Ion release was then measured, and the experiments were continued using dissolution
products of 2 hours’ incubation, supplemented with 10% FBS, 1% L-glutamine and
1% antibiotic/antimitotic, as the release of ions tends to reach the maximum value at
this time point. The remaining CoBG powders were kept in a desiccator until the next
use.

2.3.2 Cobalt Chloride (CoCl2)
In order to obtain cobalt ions (Co), cobalt chloride solution was used. A 200 mM stock
solution was made by dissolving cobalt (II) chloride hexahydrate (CoCl2.6H2O;
Sigma-Aldrich) in sterile distilled deionised water and the mixture was further
sterilised using 0.2µM PES membrane syringe filter. After measuring the exact Co ion
release profile using ICP, the solution was further diluted in a-MEM to achieve the
concentrations of 12.5, 25 and 50µM.

2.3.3 DMOG
DMOG powder was first dissolved in DMSO as 142.37mM aqueous stock solution
and then was diluted in a-MEM at concentrations of 250, 500 and 1000µM.

2.3.4 Sodium Metasilicate (Na2SiO3)
A stock solution of sodium metasilicate (Sigma-Aldrich) at a concentration of 20mM,
was prepared in a-MEM containing 10% FBS, 1% L-glutamine and 1%
antibiotic/antimitotic. The mixture was filtered using a 0.2µM PES syringe filter and
the Si ion release profile was then measured with ICP. The resulting solution was
accordingly diluted to 0.5, 1 and 2mM with a-MEM.
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2.3.5 High Glucose Medium
To mimic moderate and high blood glucose levels (hyperglycaemia) in diabetic
patients, 4.5g/L and 9g/L of D-(+)-glucose (Sigma-Aldrich) were mixed with
supplemented a-MEM (10% FBS, 1% antibiotic/antimitotic and 1% L-glutamine).
The solution was then filtered using a PES vacuum filter (Corning). Low glucose aMEM (1g/L) was used as a positive control. To assess the effectiveness of HIF
stabilising materials in a diabetic environment, the cells were also treated with cobalt
chloride and DMOG conditioned medium with 1, 4.5 and 9g/L D-(+)-glucose.

2.4 Metabolic Activity of Osteoblasts: AlamarBlue Assay
To determine metabolic activity an AlamarBlue (Invitrogen) assay was used according
to the manufacturer’s protocol. At specific time points (day 1, 3, 7,14 and 21), cell
culture medium was removed from the well plates and stored at -80°C in a freezer for
the ELISA assays (explained further in section 3.2.6). The wells were washed with
1mL of PBS and subsequently 1mL of 10% (v/v) alamarBlue in a-MEM was added
into the wells. Four additional wells were prepared with no cells for background
comparison. The plates were incubated and protected from light at 37°C until a colour
change from blue to pink was observed (2 hours). AlamarBlue is a blue resazurinbased non-fluorescence dye that enters the cells and uses the natural reducing power
of live cells to convert resazurin to resorufin, which produces pink fluorescence[449].
After 2 hours, 100µL of the solution in each well was transferred to a black 96-well
plate (Thermo Fisher Scientific). The plates were read in a fluorescent microplate
reader (Fluoroskan Ascent FL, Helsinki, Finland) at an excitation wavelength of
530nm and an emission wavelength of 620nm.

2.5 Osteoblasts Proliferation Rate: Total DNA Assay
To determine cell number and cell proliferation a total DNA quantification assay
(Sigma-Aldrich) was performed (on the same samples from alamarBlue assay) on days
1, 3, 7,14 and 21. The DNA assay measures the shift in the emission wavelength of
BisBenzamide H 33258 (Hoechst 33258) which is a DNA binding fluorochrome.
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Once the metabolic activity was measured, the alamarBlue solution was discarded and
the wells were washed twice with PBS to remove any remaining dye. 400µL of
deionised distilled water (ddH2O; Milli-Q, Millipore) was then added to the wells and
the cells were lysed under six freeze-thaw cycles at -80°C and room temperature.
100µL of Hoechst dye, diluted to the working concentration of 20µg/mL (Hoechst:
10X assay buffer: ddH2O, 1:1000:9000) was then mixed with 100µL of cell lysates in
a black 96 well plate. Fluorescence was quantified in a fluorescent microplate reader
using an excitation wavelength of 355nm and an emission wavelength of 460nm.
Serial dilution series of calf thymus DNA standards (0-100µg/mL) were used to
generate a standard curve to calculate DNA concentrations. It should be noted that the
methodology did not sufficiently lyse cells after day 7 in osteogenic media (probably
due to ECM production) and despite different lysing approaches, DNA quantification
was found to be not reliable after 7 days.

2.6 Alkaline Phosphatase Activity
Alkaline phosphatase enzyme activity (ALP; Abcam) is an important indicator of
osteogenic differentiation and is released by osteoblast to dephosphorylate
surrounding compounds (for mineralisation). On day, 1, 3, 7, 14 and 21 ALP activity
was determined calorimetrically using the manufacturer’s protocol, by mixing 50µL
of osteoblasts cell lysates (for details, refer to section 3.2.4) with 50µL of 5mM pnitrophenyl phosphate (pNPP), a phosphate substrate, and then incubating the mixture
at room temperature protected from light. ALP enzyme activity of the osteoblasts will
dephosphorylate the pNPP substrate and convert it to a yellow-coloured p-nitrophenol
(pNP). After 60 minutes, when the colour change occurred, the assay was stopped by
adding 20µL of the stop solution (NaOH), and the absorbance was measured at 405nm
using a multimode microplate reader (TECAN Infinite M200 PRO, Switzerland). The
pNP concentration (µmol) in each well was calculated using a standard curve of pnitrophenol (0-20nmol/120µL) according to the equation presented in Figure 2.2. ALP
activity was then normalised to total protein content determined using BCA protein
assay kit (Merck).
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B: the amount of pNP in the sample well calculated from standard
curve (µmol)
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ΔT: reaction time (minutes)
V: original sample volume added into the reaction well (mL)
D: sample dilution factor

Figure 2.2 – ALP Activity equation.

2.7 VEGF
(ELISA)

Enzyme-Linked

Immunosorbent

Assay

On days 1 and 7 of the experiment, the cell culture supernatants were collected and
spun using a plate centrifuge (Hettich Universal 320R, Andreas Hettich GmbH & Co.
KG, Tuttlingen, Germany) at 1500 rpm for 5 minutes at 4°C to remove cellular debris.
Small aliquots of samples were stored at -80°C in a freezer to avoid freeze/thaw cycles.
When all samples were collected, the VEGF concentration in supernatants were
quantified using enzyme-linked immunosorbent assay (ELISA) kit. Briefly, 50µL of
assay diluent and 200 µL of supernatant were mixed in the VEGFA-antibody-coated
96-well plate, provided with the VEGF ELISA kit (Quantikine kit; R & D Systems,
Abington, UK). The plate was then incubated at room temperature on an orbital shaker
for 2 hours and sealed with a plate sealer to allow the binding of the VEGF present in
the supernatant to the immobilised antibody. At this point, the wells were washed five
times and gently tapped onto a paper towel to remove excess liquid. Then 200µL of
VEGF conjugate was added to each well and the plates were then incubated for a
further hour on the orbital shaker at room temperature. The wells were washed again
five times, as described above, and incubated with 200µL of substrate solution at room
temperature with protection from light. After 30 minutes, following colour
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development, the reaction was stopped, and the absorbance was read using a
microplate reader at 450nm, with a wavelength correction of 540nm. The absorbance
was converted to the concentration of VEGF using a standard curve (31.22000pg/mL), and the VEGF concentration was normalised to DNA content.

2.8 Alizarin Red Calcium Staining Assay
Alizarin red S (ARS; Sigma-Aldrich) is an anthraquinone-based dye used to identify
the presence of calcium deposits in the cells. In a chelation process, an ARS calcium
complex is formed during cell exposure to the dye, which displays calcium rich areas
in bright red. After 21 days, the culture medium was removed, and the cells were
washed three times in PBS. Following the addition of 1mL of 4% paraformaldehyde
(PFA; Sigma-Aldrich) into each well, the plates were incubated at room temperature
for 15 minutes. The fixative was then discarded, and the cells were rinsed three times
with ddH2O.
The water was extracted and 1mL of 40mM of ARS was added to each well and then
incubated at room temperature for 20-30 minutes with gentle shaking (100 rpm) on an
orbital shaker. To ensure the pH of the ARS fell within a range of pH between 4.1 and
4.5, acetic acid (1M) was added drop by drop, while monitoring the pH using a
calibrated Corning pH meter 240 (Corning Inc., NY, USA). The dye was removed,
and the cells were washed five times with ddH2O. A light microscope (EVOS XL
Core, Thermo Fisher Scientific) was then used to take images at 4X and 10X
magnification.

2.9 Compositional Analysis of Bone Nodules Using Raman
Spectroscopy
Raman spectroscopy was used to compare the biochemical compositional of the
mineralised nodules between different treatment and with native bone tissue.
Osteoblasts were cultured on magnesium fluoride substrate, (MgF2), (Crystan, UK)
which is a weak Raman scatterer within the biochemical range of interest and does
not, therefore, interfere with the results.
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On day 21, the MgF2 disks were rinsed with ddH2O and air-dried at room temperature
overnight. Air dried native bones from 3-day-old SD rat calvaria, were used as
controlled specimens for comparison. Samples were placed on a polished silicon wafer
(University Wafer), which is a highly reflective substrate that cancels remaining
background peaks from MgF2 in transparent specimens.
Spectra were collected using a 785nm line-focus laser (2µm diameter spot size) at
room temperature and atmospheric pressure, on a Renishaw inVia spectrometer
equipped with a Leica microscope. The laser was focused into the sample through 20X
objective lens with an 8mm distance between the laser and sample. The spectra were
recorded at a resolution of ~1-2cm-1 in the region of 300-2000nm, with 30 second
acquisition time per spectrum and repeated 3 times per spot. The laser power was kept
below 50mW to avoid the influence of heat on the samples.
The Raman spectra were processed and analysed with the Origin 9pro (OriginLab
Corporation, Northampton, MA, USA) and in-house developed software with
MATLAB (The Mathworks, MA, USA), according to the protocol suggested by
Gentleman et al. (2009)[246].
A background subtraction was then performed using the baseline interpolation method
with 1835 baseline points. The spectra were smoothed using a 5-point Savitsky-Golay
filter (2nd order) and curve-fitting for band analysis was performed using Lorentz peak
function. To assess the bone quality obtained in different sets of samples, degrees of
mineral crystallinity were calculated from the full width of the sample at half
maximum (FWHM) of the phosphate peak (PO43- n1). Furthermore, the substitution of
carbonate into the apatite lattice was estimated by calculating the ratio of carbonate
(CO32-) band area to that of phosphate (PO43- n1). The mineral to matrix ratio was also
determined by dividing the PO43- n1 band area by the matrix band area (amide I).
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2.10 Bone Nodule Morphological Study
2.10.1 Measuring Nodule Dimensions Using Interferometry
Day 21 nodules, as previously described, were fixed in 4%PFA at room temperature
for 15 minutes, rinsed three times with ddH2O and air-dried at room temperature
overnight. For each sample, the nodules at the centre of the Melinex disc (36mm2
square-shaped area) were assessed with Nexview-NX2 3D optical interferometer
(Zygo, Middlefield, CT, USA) using 2.75X objective lenses, 0.5X zoom and a scan
length of 145 µM. The height and area were analysed in Mx software and ImageJ,
respectively.

2.10.2 Surface Analysis by Scanning Electron Microscopy (SEM)
Day 21 nodules were fixed in freshly made 2%PFA and 1.5% glutaraldehyde in a
0.1M sodium cacodylate buffer (pH=7.3) and kept in a 4°C fixative solution in
refrigeration until used, with a maximum storage time of 2 weeks. Nodules were then
post-fixed in 1% osmium tetroxide and 1.5% potassium ferrocyanide, suspended in
0.1M cacodylate buffer and maintained at 4°C in refrigerated storage.
After 90 minutes, the samples were washed with 0.1M cacodylate buffer and ddH2O,
respectively. Specimens were then dehydrated in a graded ethanol-water series at
concentrations of 25%, 50%, 70%, and 90% for 5 minutes each, and in 100% ethanol
for 4 sessions of 5 minutes, followed by critical-point drying using CO2.
The dehydrated specimens were then mounted on aluminium stubs by applying sticky
carbon tape. Following this step, the samples were sputter coated with a thin layer of
gold measuring approximately 10nm and viewed in an environmental scanning
electron microscope (ESEM; FEI Quanta 200 FEG, Netherlands) using secondary
electron (SE) mode and voltage of 15kV.
In order to identify the organic and inorganic areas of the bone nodules, a variable
pressure field emission electron microscope (vpFESEM; Zeiss, Oberkochen,
Germany) with a backscattered electron (BSE) detector was used. The images
obtained from both modes of microscopes (SE and BSE modes) were combined in
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Adobe Photoshop CC 2015 (Adobe systems, CA, USA) to produce density dependent
coloured images. To reveal a better morphology of the bone nodules, the samples were
then transferred to a Hitachi S-3499N scanning electron microscopy (SEM; Tokyo,
Japan) with an adjustable rotating stub holder and then imaged under a 65° tilt angle.

2.10.3 Structural Characterisation with Transmission Electron
Microscopy (TEM)
Day 21 nodules were fixed, post-fixed and dehydrated as mentioned in Section 3.11.2.
After the final dehydration step in 100% ethanol, the cultures were infiltrated with
Agar100 epoxy resin mix and propylene oxide (mixture 1:2, 1:1 and 2:1) for an hour
each, and with pure epoxy resin for 4 hours. The Agar100 epoxy resin (medium
hardness) was made according to Agar Scientific protocol, by mixing 12g Agar 100
resin, 8g anhydride hardeners dodecenylsuccinic anhydride (DDSA), 5g methyl nadic
anhydride (MNA) and 0.65g of accelerator benzyldimethylamine (BDMA). The
samples were then prepared for sectioning by laying the Melinex cell side down on to
a resin filled beam capsule and hardened at 60°C for 48 hours. Representative areas
were selected and precision sections of 70-80nm, were cut using a diamond knife on
a Reichert ultra-cut S microtome (Leica, Milton Keynes, UK). For normoxia, hypoxia,
cobalt, Si and 0%CoBG specimens sectioning technique ‘a’ (Figure 2.3a) was used
and with increased experience of TEM sectioning approach, for rest of the samples we
found that sectioning technique ‘b’ (Figure 2.3 b) can improve TEM imaging. The
sections were collected on Formvar slot copper grids (300 mesh), stained with lead
citrate (Sigma-Aldrich) and viewed with a JEOL 1010 transition electron microscope
(TEM; Tokyo, Japan) operated at 120 kV. Images of the samples were then recorded
using a Gatan Orius CCD camera.
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Figure 2.3 - A schematic drawing of TEM specimens cross sectioning techniques.

2.11 Statistical Analysis
All data presented in this study was obtained from experiments performed a minimum
of three times, and the number of data points (n) for each set of experiments were
noted in the figure legends. The data is expressed as the mean ± standard deviation
(SD) and all analysis was calculated using GraphPad Prism 7 software (GraphPad,
CA, USA) unless otherwise stated. Significant differences between conditions were
determined using the Student’s-t-test with Welch’s corrections for comparison
between two data sets and one-way ANOVA followed by Holm-Sidak’s multiple
comparisons test for more than two data sets, with significance being defined as pvalue of less than 5% (P < 0.05). A summary of the symbols used for different pvalues in graphs and their meaning can be found in Table 2.2.
Table 2.2 – The symbols and meanings of the p-values used in this study.
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Symbol

Meaning

ns

p > 0.05

*

p £ 0.05

**

p £ 0.01

***

p £ 0.001

****

p £ 0.0001

Chapter 3

HIF,

Hypoxia

and

Bone

Regeneration
3.1 Introduction
Cellular detection of hypoxia is an important trigger for endochondral bone
development [137], bone fracture repair [450] and bone homeostasis [360]. The HIF
pathway has been shown to play an important role in every stage of bone repair (refer
to chapter 1) including inflammation and haematoma formation [106, 277],
mesenchymal stem recruitment [287], cartilage-like soft tissue formation [328],
vascular invasion [261, 451] and osteoblast-osteoclast cross talk [357]. Furthermore,
artificial stabilisation of HIF using HIF stabilisers such as cobalt, DMOG and DFO
have been reported to promote fracture repair in vivo. These HIF stabilising materials
target HIF pathway via distinct mechanisms. Cobalt stabilises HIF-1a by competing
with Fe 2+, binding to prolyl PHD2 active site and blocking it [452]. Whereas DMOG
competes with 2-OG and binds to both PHD2 and factor inhibiting HIF (FIH) [260,
453]. DFO also downregulates PHD2 and FIH activity via reducing intercellular Fe2+
production due to their dependence on this ion (Figure 3.1) [454]. DMOG preconditioned BMSCs transplanted into critical size mandible defects in rats enhanced
cell survival and rate of bone repair [295]. Cobalt pre-treated BMSCs also exhibited
higher degree of vascularisation and enhanced osteogenesis when implanted in skull
bone defects in mice compared with non-treated cells [313]. Injecting DFO and
DMOG into murine femur fracture site increased vascularity and callus size [455].
Prolonged hypoxia, however, has been demonstrated to inhibit bone nodule formation
in vitro and result in dystrophic mineralisation [268, 346]. Whether this inhibition is
due to actual low oxygen pressure or prolonged HIF-1a stabilisation is still unknown.
Furthermore, there is a lack of characterisation of the bone nodules formed in vitro in
response to different levels of oxygen. In general within the tissue engineering field
the methods for determining bone formation in vitro rely upon calcium deposition
rather than mineral characterisation and association with protein collagen fibres
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present in native bone [360, 456]. Furthermore, the majority of in vitro studies have
used atmospheric air (20% O2) for osteogenic cell cultures which is much higher than
pathophysiological levels (5-10% O2). Understanding how bone cells respond to
different oxygen conditions will help better understand native bone formation, bone
formation in disease conditions that effect hypoxia sensing (e.g. diabetes) and in the
development of new targeted treatment strategies for bone tissue engineering.

DFO

Figure 3.1 – A schematic illustration of the role of HIF stabilisers (CoCl2, DFO and DMOG) in
regulating HIF-1α pathway. (A) Under hypoxic condition, HIF-1α binds to HIF-1β and CBP/p300 in
nucleus due to inhibited PHD activity and forms an active transcription complex. (B) In Normoxia,
oxygen and other substrates are being consumed by PHD2 and FIH to hydroxylase HIF-1α. Whilst,
HIF stabilising materials such as CoCl2, DFO and DMOG inhibits the hydroxylation and thereby
degradation of HIF-1α (adapted from ref [260]).

This chapter investigates the effect of hypoxia (1% O2) on mineralised nodule
formation in vitro using primary osteoblastic cells from neonatal rat calvarial
compared to nodules formed under normoxic condition (20% O2). Furthermore, HIF
stabilisation effects via HIF-stabilisers is compared to actual low O2 pressure.
Stabilisation via HIF-stabilisers may enable controlled regulation of the HIF pathway
in normoxia and therefore reducing the non-HIF related responses to low oxygen
pressure (e.g. oxidative phosphorylation) especially in elderly and diabetic patients
who have a reduced response to HIF-pathway [228, 457]. Two most commonly used
HIF stabilisers, cobalt and DMOG, were tested at normoxic level, and compared with

64

hypoxia. Cobalt and DMOG have been selected due to their distinct mechanisms of
stabilising HIF pathway. These molecules may affect different pathways in bone
formation. Investigating the effect of these two different pathways will help identify
the most desirable response compatible with bone formation.

3.1.1 Characterisation of Bone Nodule
The most common methodologies for characterising in vitro bone nodules are calcium
(Alizarin Red) and phosphate (Von Kossa) staining [458, 459]. Calcium and
phosphate staining do not however distinguish between dystrophic or spontaneous
calcification and bone [460, 461]. Many tissues have been shown to be capable of
calcification (e.g. arteries, cartilage, heart valves [462-464]), whilst bone consists of
extra cellular ordered mineralisation of collagen fibres [465-469]. Mineralised
structures in calcified lesions are less organised and highly crystalline in comparison
with mature lamellar bone and do not interact with collagen fibres [78, 468, 470].
These dystrophic mineralised structures do not contain osteonectin, a bone-specific
protein responsible for linking mineral to collagen which is only observed in bone
[471]. Calcified regions can also be found in non-bone tissues (e.g. calcified heart
valves and soft tissues following blast injuries); however, these structures do not have
the ultrastructure or biochemical composition of bone [468]. Spontaneous
calcification is often called dystrophic mineralisation or calcification. Dystrophic
mineralisation is the deposition of insoluble salts of calcium carbonate (CaCO3) and
calcium phosphate Ca3(PO4)2. Dystrophic calcification is a type of accumulation of
calcium in the soft tissues. It is usually observed in patients with injured tissues due to
the changes in physiological factors including serum calcium, phosphorous and pH
[472]. Calcific aortic valvular disease is a type of disease that is also associated with
calcium deposition in soft tissues. Common risk factors are diabetes mellitus,
hypercholesterolaemia, and smoking. These risk factors lead to oxidative stress,
haemodynamic dress, and genetic abnormalities, which those eventually cause chronic
inflammation [473, 474]. As an example of these genetic dysfunctions, previous
clinical data showed the association between HIF-related genes and vascular
calcification. HIF-1a and HIF-2a are detected in calcified aorta valve cases [475,
476].
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A combination of biochemical, material and morphological quantification techniques
are needed to understand both the type of mineral and its association with collagen
fibres. For instance, transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) allow structural characterisation of bone nodules and provide
ultra-high-resolution images of tissue morphology and mineral crystallinity, but
electron microscopy is a non-quantitative technique and does not provide information
about cells and proteins. Therefore, grouping compositional profiling techniques
(Raman spectroscopy and FTIR) as well as quantitative dimensional measurements
(interferometry) with electron microscopy techniques and histology may complement
our knowledge and provide additional insights into characterisation of bone nodules
formed in vitro under normoxic and hypoxic conditions and find out how similar these
mineralised structures are to native bone.

3.1.2 Chapter Aims
1. To determine if hypoxia affects the amount and type of in vitro bone nodule
formation.
2. To determine if HIF stabilisers affect the amount and type of in vitro bone
nodule formation.
3. To compare the difference in bone nodule formation between normoxia (20%
O2), hypoxia (1% O2) and HIF stabilisers

3.2 Methods and Materials
Primary rat osteoblasts were cultured as described in Chapter 2. Briefly, cells were
seeded at a density of 60,000 cells/well into 12-well plate in a-MEM supplemented 2
mM β-glycerophosphate, 10nM dexamethasone, and 50μg/mL ascorbate. When
confluent (3 days), cells were treated with either 12.5, 25 and 50µM cobalt or 250,
500 and 1000µM DMOG and kept at normoxia (20% O2) incubator. Hypoxia (1% O2)
was also used as control. Metabolic activity, proliferation rate and ALP activity of the
cells were measured. For measuring the angiogenic response of osteoblasts, VEGF
expression profile of osteoblasts was also determined using ELISA on days 1 and 7.
Bone nodules were further characterised using Alizarin Red calcium staining, SEM,
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TEM, Raman spectroscopy and Interferometry. This multi-disciplinary characterising
technique was used to determine the amount and type of bone nodules in different
conditions and thereby compare the effect of hypoxia (1% O2) and HIF stabilisers
(cobalt and DMOG) on the different stages of bone repair.

3.3 Results
3.3.1 The Effect of Cobalt on Osteoblast Metabolic Activity and
Proliferation
In order to assess if a difference exists between hypoxia (1% O2) and HIF stabilisers
in terms of their effect on osteoblasts metabolic activity and proliferation, we used
alamarBlue and DNA quantification assays, respectively. Differences were observed
between the metabolic activity and proliferation rate of cells grown in normoxia (21%
O2), hypoxia (1% O2) and cobalt. Hypoxia caused a ~2.7-fold increase in the
metabolic activity of primary rat osteoblasts (day 1 to 3) and then decreased from day
3; however, a continuous increase was observed in cells cultured under normoxia,
cobalt 12.5, 25 and 50µM up to 21 days (Figure 3.2a). From day 14, cobalt at 12.5µM
exhibited an increase (P ≤ 0.001) compared with normoxia. While treating cells with
cobalt 25µM did not alter metabolic activity compared to that of the normoxia
condition. Cobalt 50µM showed higher metabolic activity compared with normoxia
from day 1 to 3 and then significantly reduced metabolic activity which may be due
to toxicity at higher concentrations [477]. Prolonged exposure to all concentrations of
cobalt at normal oxygen level exhibited higher metabolic activity compared to that of
hypoxia, however, only cobalt 12.5µM revealed greater metabolic activity than
normoxia (from day 7).
In a similar manner to metabolic activity, hypoxia also upregulated proliferation (~ 3fold) from day 1 to day 3, which was followed by a decrease in proliferation at longer
exposure to hypoxia (day 7-day 21), whereas normoxia and all cobalt concentrations
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demonstrated progressively increasing proliferation up to day 7 and 14 (probably
relating to the growth phase), followed by decreasing proliferation between 14-21
(probably relating to the differentiation phase) (Figure 3.2b). The difference in
metabolic and proliferation for cells grown in normoxia may be associated with
compromised cell lysing due to ECM and bone nodule formation from day 10. All
cobalt concentrations exhibited an increased proliferation in comparison to hypoxia
after day 3.
Normalised metabolic activity per unit DNA shows that hypoxia and to a lesser degree
HIF mimetic increased metabolic activity per unit of DNA, which may indicate a
metabolic shift to anaerobic respiration (Figure 3.2c). At later time points an increase
in metabolic activity/DNA was observed but again this may be an artefact caused by
an inability to obtain al the DNA from the bone nodules.
Furthermore, normoxia exhibited ~2.8-fold increase in proliferation rate between days
3 and 7 and then sharply decreased (Figure 3.2d). Hypoxia continuously reduced
proliferation rate from day 3. Both normoxia and hypoxia exhibited negative
proliferation rate between days 14 and 21. While, all concentrations of cobalt
increased proliferation rate up to day 14 and then decreased. Cobalt conditions
exhibited enhanced proliferation in comparison to both normoxia and hypoxia from
day 7 onwards.
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Figure 3.2 – The effect of hypoxia, normoxia and cobalt on metabolic activity and proliferation of
osteoblasts. a) Prolonged hypoxia decreased metabolic activity after 21 days. Normoxia and all
concentrations of cobalt progressively increased metabolic activity over the observation periods. Cobalt
12.5µM revealed higher metabolic activity compared to normoxia from day 7 onwards. b) Hypoxia
decreased cell number from day 3, whereas, in normoxia it started from day 7 and for all cobalt
conditions from day 14. c) Normalised metabolic activity per unit DNA revealed that hypoxia and
cobalt treated cells did not show differences over 21 days; while, normoxia exhibited an increasing
trend from day 7 d) Normoxia increased proliferation rate up to day 7 and then decreased. While,
hypoxia progressively decreased proliferation rate from day 3 to day 21. Cobalts enhanced proliferation
rates up to day 14 and then decreased between days 14 and 21. Values are mean ± SD; n= 5. **** P £
0.0001, *** P £ 0.001

*The total DNA data for day 7 onwards are shown in dashed lines due to compromised cell lysing
associated with ECM and bone nodule formation.

3.3.2 The Effect of DMOG on Metabolic Activity and Proliferation
Having determined that cobalt did not attenuated metabolic activity and proliferation,
the effect of DMOG on both metabolic activity and proliferation was also compared

69

with hypoxia (1% O2). DMOG showed a similar pattern of effect on osteoblast
metabolic activity and proliferation as cobalt. DMOG 250 and 500µM did not show
differences compared to normoxia up to day 7. From day 7; however, a significant
decrease (P ≤ 0.001) was observed in all DMOG concentrations compared to
normoxia. DMOG 500µM and 1000µM decreased metabolic activity to a higher
extent probably due to toxicity. All DMOG conditions revealed enhanced metabolic
activity compared to hypoxia.
DMOG 250µM increased cell number up to day 14, followed by a sharp decrease
(Figure 3.3b). Likewise, DMOG 500µM augmented osteoblast cell number up to day
7 and then decreased between days 7 and 21. The decrease observed in DMOG 250
and 500 from day 14 to day 21 is partly dependent on the bone nodule formation,
leading to thick collagen layer development and impaired cell lysing for DNA
quantification. It can be concluded that prolonged DMOG treatments at normal
oxygen level had higher cell number in comparison to hypoxia.
As shown in Figure 3.3c, normalised metabolic activity per unit DNA were quite
similar regardless of different concentrations of DMOG, while normoxia exhibited an
increasing trend between days 7 and 21. All DMOG treated conditions enhanced
proliferation rate compared with normoxia and hypoxia (Figure 3.3d). DMOG 250µM
increased proliferation rate up to day 14 and then decreased. Whereas, DMOG 500µM
started reducing proliferation rate from day 7. Although DMOG 1000µM
progressively enhanced proliferation rate over observation periods, it had lower values
compared with DMOG 250 and 500µM until day 14 and on day 14 exhibited similar
value to DMOG 500µM on day 21 and higher value compared with DMOG 250µM.
The decrease in proliferation rate of DMOG 250µM between days 14 and 21 might be
associated with the bone nodule formation and compromised cell lysing.
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Figure 3.3 – The effect of DMOG on metabolic activity and proliferation of osteoblasts. a) DMOG
250µM exhibited metabolic activity similar to normoxia up to 7 days and then decreased. b) All DMOG
treatments exhibited significantly increased (P ≤ 0.0001) cell number compared to that of hypoxia and
normoxia on day 21. c) Unlike normoxia, normalised metabolic activity per unit DNA of DMOGs and
hypoxia did not show changes over the stated period. d) All concentrations of DMOG exhibited
enhanced (P ≤ 0.0001) proliferation rate compared to normoxia and hypoxia. Values are mean ± SD;
n= 5. **** P £ 0.0001, *** P £ 0.001

3.3.3 The Effect of Cobalt on Angiogenic Response
To determine if hypoxia and cobalt affect angiogenic response similarly or not, we
used ELISA to quantify VEGF expression in osteoblasts. Both on day 1 and day 7,
hypoxia showed significantly increased (P ≤ 0.001) VEGF production compared to
normoxia. Cobalt 12.5µM showed quite similar (P > 0.05) VEGF level to normoxia
on both days. Other cobalt concentrations did not increase the VEGF production which
may be associated with the toxicity effect (Figure 3.4).
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Figure 3.4 – Angiogenic response in cobalt treated osteoblasts. VEGF production was normalised per
unit DNA. A robust increase was observed on day 1 for osteoblasts culture under hypoxia compared
with normoxia. However, on day 7, both conditions generated almost similar levels of VEGF. Cobalt
12.5µM revealed ~ 3.5-fold increase in comparison with cobalt 25 and 50µM on day 7. Although cobalt
12.5µM produced more VEGF than normoxia, hypoxia had the highest level. Values are mean ± SD;
n= 3. **** P £ 0.0001, *** P ≤ 0.001

3.3.4 The Effect of DMOG on Angiogenic Response
To assess if the difference between hypoxia and cobalt translates into DMOG, we
examined the VEGF expression in DMOG treated osteoblast on days 1 and 7. DMOG
250 and 500µM had significantly higher (P ≤ 0.05) VEGF production than normoxia
on day 1. In contrast, on day 7, normoxia demonstrated higher (P ≤ 0.001) levels of
VEGF than DMOG treatments. On both days, hypoxia produced the highest level of
VEGF among all conditions. VEGF production of DMOG 1000µM was not measure

*

*

***

due to the toxicity effect (Figure 3.5).

Figure 3.5 – Angiogenic response of DMOG treated osteoblasts. DMOG 250 and 500µM initially
exhibited higher VEGF production compared to that of normoxia but then failed to increase. Hypoxia
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had higher VEGF production than DMOG treated cells and normoxia on both days 1 and 7 Values are
mean ± SD; n= 3. **** P £ 0.0001, *** P £ 0.001, ** P ≤ 0.01, * P ≤ 0.05

3.3.5 Cobalt and ALP activity
ALP activity was measured to assess any changes in osteoblasts differentiation in
cobalt treated osteoblasts and compare with that of hypoxia. Hypoxia completely
abolished ALP activity over 21 days, whilst normoxia and cobalt 12.5µM enhanced
ALP activity (Figure 3.6a). On day 7, cobalt 12.5µM exhibited ~1.7-times higher ALP
activity than normoxia. However, from day 7 onwards no difference (P > 0.05) was
observed in ALP Activity of cobalt 12.5µM and normoxia. All cobalt concentrations
displayed elevated ALP activity in comparison with hypoxia.
Cobalt 12.5 and 25µM exhibited significantly increased (P ≤ 0.001) protein production
on day 1 compared to normoxia (Figure 3.6b). Normoxia exhibited higher protein
content than both cobalt 25 and 50µM between days 7 and 21. However, no difference
was observed between protein content of normoxia and cobalt 12.5µM from day 7 to
day 21. Moreover, hypoxia exhibited the lowest protein production from day 7 to day
21.
Normalised ALP activity over protein content results revealed that normoxia and all
concentrations of cobalt produced more ALP than hypoxia (Figure 3.6c). On day 7,
cobalt 12.5µM exhibited significantly enhanced (P ≤ 0.0001) ALP activity compared
to normoxia. While, on day 14 and day 21, cobalt 12.5µM did not show difference in
ALP activity compared with that of normoxia.
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Figure 3.6 – ALP activity of cobalt treated osteoblasts a) Hypoxia inhibited ALP production. Normoxia
and all cobalt treated conditions exhibited increased ALP production compared to hypoxia. b) Hypoxia
exhibited lower protein content than all other conditions from day7 to day 21. c) Hypoxia did not show
detectable ALP activity per unit protein. No significant differences were observed between ALP activity
of cobalt 12.5µM and normoxia on day 14 and 21. Values are mean ± SD; n= 4. **** P £ 0.0001, ***
P £ 0.001, ** P ≤ 0.01, * P ≤ 0.05

3.3.6 DMOG and ALP activity
The effect of DMOG on ALP activity was also measured and compared to that of
hypoxia. DMOG 250µM showed significantly enhanced (P ≤0.01) ALP activity
compared to normoxia on day 7 (Figure 3.7a). Normoxia and DMOG 250µM
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exhibited fairly similar (P= ns) ALP activities on days 14 and 21. DMOG 1000µM
decreased ALP production between day 7 and 21, which might be associated with
toxicity.
Hypoxia showed significantly increased protein content (P ≤ 0.001) compared to
normoxia only on day 1 and then had the lowest protein content among all conditions
up to day 21 (Figure 3.7b). Normoxia progressively increased protein production from
day 7 onwards. DMOG 250µM showed similar protein content to normoxia on day 1
and day 7. However, normoxia had significantly higher protein content than all
conditions on day 14 and day 21. Although DMOG 500 and 1000µM produced lower
protein levels compared with normoxia and DMOG 250µM due to toxicity, but still
exhibited higher protein levels than hypoxia.
DMOG 250µM had significantly higher (P ≤ 0.01) ALP activity/protein compared to
normoxia between day 7 and day 21 (Figure 3.7c). DMOG 500µM also significantly
increased (P ≤ 0.05) ALP activity compared to normoxia between days 7 and 14 and
similar (P > 0.05) ALP activity to normoxia on day 21. DMOG 1000µM, however,
decreased ALP activity between day 7 and day 21.
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Figure 3.7 – ALP activity of DMOG treated osteoblasts. a) Normoxia, DMOG 250 and 500 µM
continuously enhanced ALP activity over 21 days. DMOG 250µM showed significantly increased ALP
activity compared to normoxia only on day 7. Hypoxia did not show detectable ALP activity. b)
Hypoxia produced more protein content on day 1 compared with that of other conditions. Normoxia
exhibited the highest protein production among all between days 7 to 21. c) DMOG 250 showed
significantly increased (P ≤ 0.01) ALP activity/protein compared to normoxia from day 7 to day 21.
While, DMOG 500µM exhibited significantly enhanced (P ≤ 0.05) ALP activity/protein compared to
normoxia only on days 7 and 14. Values are mean ± SD; n= 4. **** P £ 0.0001, *** P £ 0.001, ** P ≤
0.01, * P ≤ 0.05
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3.3.7 Hypoxia and Bone Nodule Formation
Hypoxia has been reported to inhibit bone nodule formation [268]. To further enhance
our understanding about differences between hypoxia and normoxia, optical
microscopy, alizarin red calcium staining, SEM and scanning were used to image the
mineralised structures. Dimensional quantification of the nodules was performed in
interferometer. Ultra-structure of the nodules was also studied using TEM.
Furthermore, DDC-SEM was used to compare the nodules surface density.
Compositional analysis was performed using Raman spectroscopy.
Widespread mature mineralised nodules were formed in normoxia; however, hypoxia
completely inhibited bone nodule formation and resulted in dystrophic mineralisation.
Nodules in normoxia were stained positive for Alizarin Red and showed a discrete
trabecular morphology. Although hypoxia did not form any trabecular-shaped
structure, bright red regions confirmed presence of calcium even in dystrophic
mineralised areas. SEM micrograph also confirmed presence of large dense nodules
that are higher than the culture surface in normoxia and dystrophic mineralisation in
hypoxia (Figure 3.8).

Figure 3.8 – The effect of normoxia and hypoxia on bone nodule formation. Optical microscopy,
Alizarin Red calcium staining, SEM and cell well scanned images were used to assess bone nodule
formation after 21 days in normoxia or hypoxia. Normoxia showed abundant bone nodule formation
(dark brown structures); whereas, hypoxia inhibited bone nodule formation and caused dystrophic
mineralisation. Alizarin red stained images and unstained well scans also revealed bone nodules
morphology in normoxia. Despite inhibitory effect of hypoxia on mineralisation, calcified regions were

77

observed. SEM image showed dense nodules raised from the surface in normoxia and dystrophic
mineralisation in hypoxia.

A 36 mm2 square in the centre of Melinex disk was assessed in an optical
interferometer (Figure 3.9a,b). To evaluate the percentage of the surface covered with
nodules, we presumed a cell layer thickness of 30µm and estimated that anything
above this height is a nodule. Normoxia formed large dense nodules covered %15.87±
0.22 of surface with an average maximum height of 59.88 ± 8.08µm. However, only
%0.06 ± 0.05 of surface in hypoxia was covered with mineralised structures over
30µm and the maximum height was 26.63 ± 6.61µm (Figure 3.9c,d). Hypoxia
significantly reduced the number of nodules (P ≤ 0.0001) and the maximum height of
nodules (P ≤ 0.05) compared to normoxia.

*

Figure 3.9 –Morphological quantification of nodules in normoxia and hypoxia. a) normoxia (20% O2)
and b) hypoxia (1% O2). c,d) Dense nodules in normoxia covered % 15.87 ± 0.22 of surface with
maximum height of 59.88 ± 8.08 µm. While, hypoxia did not form nodules and the maximum height
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of mineralised region was 26.63 ± 6.61 µm. Values are mean ± SD; n= 3. **** P £ 0.0001, *** P ≤
0.001 and ** P ≤ 0.01 *P < 0.05

The ultrastructure of the mineralised structures varied considerably between normoxia
and hypoxia. Under normoxic condition, cells were embedded within a mineralised
ECM (Figure 3.10a,b). Dense mineral granules with disordered morphology were also
detected within osteoblast mitochondria of the mineralised nodules (Figure 3.10ablack arrows). Boonrungsiman et al.’s (2012) [78] observations have confirmed the
presence of the calcium within these granules which suggests that calcium phosphate
is transferred from inside the osteoblast to the ECM [469, 478]. Calcium phosphatecontaining vesicles are also known as matrix vesicles. A summary of all possible
theories for mineral formation as well as essential role of mitochondria in bone
mineralisation have been described in Chapter 1.
Fibrous ECM of normoxia comprises oriented bundles of collagen fibrils (Figure
3.10c). Needle-shaped mineral crystals were also detected within the matrix vesicles
which reveals that calcium phosphate has been partly crystallised (Figure 3.10d).
Crystallisation may occur as a result of chemical fixation of calcium phosphate during
sample preparation for TEM imaging as calcium phosphate is thermodynamically
unstable in aqueous solutions [479]. Boonrungsiman et al. (2012) have reported that
anhydrously prepared samples did not exhibit crystalline phase. In hypoxic cultures,
however, we could hardly detect collagen fibrils as the enzymes involved in collagen
formation consume oxygen for their survival and activity (Figure 3.10e,f) [268]. The
mineral component in hypoxia is separate from the collagen fibre. The round dark
structures which seem to be partially mineralised (Figure 3.10e) in hypoxia are smaller
than cell, therefore they might be bits of dying cells (apoptotic bodies) such as
endosomes or vesicles. When cells die, these apoptotic bodies come out and get
dissolved in cell culture medium, therefore the mineral might stay on the outer walls.
Calcium phosphate containing vesicles were also present in the ECM of hypoxia, but
no dense nodule was observed (Figure 3.10f).
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Figure 3.10 – TEM micrographs of cross-section through nodules formed by rat calvarial osteoblasts
grown in a-d) normoxia (20% O2) and e, f) hypoxia (1% O2). a,b) Normoxia exhibited osteoblasts (OB)
embedded within fibrous extra cellular matrix (ECM) and mineralised nodules (MN). Dense mineral
aggregates (circled) were detected within the osteoblast mitochondria (black arrows) within nodules. c)
Abundant oriented collagen fibril bundles (COL) were observed in normoxia. (d) The needle-shaped
mineral crystals were detected inside osteoblast. e,f) Hypoxia did not deposit collagen and mineralised
structures were formed directly without ECM formation, but Calcium phosphate (CaP) was present.
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In addition, normoxic nodules comprised highly dense mineralised areas (red) on top
of matrix (green) (Figure 3.11a); however, hypoxia did not form any mineralised
nodules and only some localised less dense dystrophic mineralisation (yellow) was
observed (Figure 3.11b). Whilst dense areas in normoxia spread smooth and all over
nodule, hypoxic cultures exhibited rough semi-spherical particles.

Figure 3.11 –DDC-SEM of mineralised structures in normoxia and hypoxia. Microstructure of primary
rat osteoblasts cultured either under normoxia (20% O2) or hypoxia (1% O2) for 21 days were imaged
using DDC-SEM. Red presents dense mineralised areas, yellow shows less dense areas and green
indicates matrix. (a) Normoxia DDC-SEM image contained compact red mineralised areas distributed
all over nodule on top of matrix; whereas, (b) mineralised parts in hypoxia showed less dense and more
rounded morphology.

Raman spectroscopy was also performed to assess the biomolecular composition of
the rat osteoblast cultures in normoxia and hypoxia and compare those to that of native
bone. Spectra of phosphate (PO4-3 n1) symmetric stretch near ~ 960 cm-1 and carbonate
(CO32- n1) near ~1070 cm-1 were used to dominate all spectra. Raman matrices are
normally reported using band intensity ratios. While Raman analysis do not fully
present the complicated mineral compositions of native bone, there are couple of
parameters including degree of crystallinity, mineral to matrix ratio, carbonate to
phosphate ratio and collagen maturity that are accepted worldwide and can provide
information about the bone components [480]. Phosphate band near ~ 960 cm-1 is the
most common band for measuring mineral content. The degree of mineral crystallinity
and maturity is determined by the full-width at half-maximum (FWHM) and shape of
PO4-3 n1 peak. Lower FWHM is associated with higher degree of crystallinity. Amide
I band indicates collagen content and matrix maturity. Mineral to matrix ratio can be
obtained from the ratio of PO4-3 n1 peak area to that of Amide I band. The ratio of
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CO32- n1 to ratio shows the substitution of carbonate into the apatite lattice. In the
native bone, PO4-3 n1 peak intensity change with crystallinity of the apatite. B-type
carbonate substituted apatite is located between 955 cm-1 and 959 cm-1. Crystalline
non-carbonate substituted hydroxyapatite is between 962 cm-1 and 964 cm-1 and
amorphous phosphate species is near 945 cm-1 and 950 cm-1 [246, 481]. In this study,
normoxia and native bone showed a B-type carbonate substituted apatite near 960 cm1

, while hypoxia exhibited a crystalline non-substituted hydroxyapatite near 962 cm-1.

Hypoxia exhibited the highest degree of crystallinity (reduced FWHM) due to reduced
ECM production. Native bone exhibited the lowest degree of crystallinity. Mineral to
matrix ratio in native bone is higher than that in normoxia and hypoxia. Hypoxia
showed the lowest mineral to matrix ratio which means less mineral has been formed
in this condition. Hypoxia also showed smaller amide I peak which is consistent with
the lower collagen content and matrix maturity. Normoxia and hypoxia showed
decreased carbonate to phosphate ratio compared to native bone (Figure 3.12).
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Samples

Figure 3.12 –Raman spectra of rat calvarial native bone and osteoblasts in normoxia and hypoxia for
21 days using 785 nm laser. (a) All spectra were marked for phosphate P-O bending n4 (PO43- n4),
phosphate P-O stretching n1 (PO43- n1), carbonate C-O n1 (CO32- n1), Amide III, CH2 deformation,
Amide I. (b) Table of mineral parameters indicates the number of spectra measure for each sample. ‘n’
shows the number of spectra measured for each sample. Values are mean ± SD. **** P £ 0.0001

3.3.8 Cobalt and Bone Nodule Formation
As 1% O2 completely inhibited bone nodule formation and resulted in dystrophic
mineralisation, the effect of cobalt on bone nodule formation was then assessed.
Cobalt 12.5µM exhibited abundant well-formed nodules, whereas cobalt 25µM
showed early signs of nodule formation and cobalt 50µM completely abolished bone
nodule formation due to toxicity after 21 days. Alizarin red stained and scanned well
images also confirmed presence of widespread nodules in cobalt 12.5µM and inhibited
nodule formation in cobalt 50µM. Bright red stained regions in Alizarin red images of
cobalt 25µM indicated lower calcium content compared with that of cobalt 12.5µM
where darker red structures were visible. SEM micrographs revealed the formation of
dense nodules raised from the culture surface in cobalt 12.5µM treated osteoblasts.
Cobalt 25 µm, however, displayed nodules with shorter height and a thin cell layer
was detected in cobalt 50 µM (Figure 3.13).
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Figure 3.13 – The effect of cobalt on bone nodule formation. Bone nodule formation was examined
using optical microscopy, Alizarin Red calcium staining, SEM and cell culture plate scanned images
after 21 days of culturing osteoblasts treated with cobalt 12.5, 25, and 50µM. Cobalt 12.5µM exhibited
widespread bone nodule formation. Whilst, early signs of nodule formation were observed in cobalt
25µM and cobalt 50µM inhibited bone nodule formation. Alizarin red stained images also confirmed
presence of calcium in both cobalt 12.5 and cobalt 25 µM conditions. Dark red structures in cobalt
12.5µM indicates mature nodules; whereas, bright red colour in cobalt 25 µM indicates early formed
nodules. Cobalt 50 µM did not show any sign of calcification. SEM micrographs showed abundant
nodules higher from the culture surface in cobalt 12.5µM and less dense nodules in cobalt 25µM treated
osteoblasts. A thin cell layer with no signs of nodule formation was also observed in cobalt 50µM.

In a 36mm2 area of the cobalt 12.5µM treated samples, %10.64 ± 1.21 of surface was
covered with nodules higher than 30µm with maximum height of 73.7 ± 4.06µm
(Figure 3.14a). Maximum height of the nodules in cobalt 25µM was 60.01 ± 5.74µM
and %5 ± 0.54 of surface was covered with nodules higher than 30µm (Figure 3.14b).
Cobalt 12.5µM showed significantly increased (P ≤ 0.05) percentage of the area
covered with nodules and maximum height of nodules compared with that of cobalt
25µM (Figure 3.14c,d).
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Figure 3.14 – Morphological quantification of cobalt treated nodules. a) Cobalt 12.5µM and b) Cobalt
25µM at 20% O2. c) Cobalt 12.5µM covered %10.64 ± 1.21 of the surface (36mm2) with nodules higher
than 30µm; whereas, cobalt 25µM only covered %5 ± 0.54. d) Maximum height of the nodules formed
in both conditions did not exhibit differences. Cobalt 12.5 and 25µM possessed maximum height of
73.7 ±4.06µm and 60.01 ± 5.74µm, respectively. Values are mean ± SD; n= 3. ** P ≤ 0.01 *P ≤ 0.05

TEM examinations showed that the dense nodules formed in cobalt 12.5µM were
made by osteoblasts generating an ECM encompassing a fibrillar collagen network
(Figure 3.15a,b). Intercellular mineralised granules were also observed in cobalt
12.5µM which highlights the theory of transportation of minerals from inside cells to
the ECM for bone nodule formation (Figure 3.15c) [482]. In addition, cobalt 12.5 µM
exhibited a fibrous ECM with collagen banding (Figure 3.15d). Cobalt 25µM showed
abundant collagen fibrils, however, less dense mineralised nodules were detected
compared with that of cobalt 12.5µM (Figure 3.15e). Extensive calcium phosphate
aggregates formation on the collagen fibrils in the ECM environment of cobalt 25µM
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confirms the delayed and less dense nodule formation in cobalt 25µM (Figure 3.15f)
[78].

Figure 3.15 – TEM micrographs of cobalt treated osteoblasts after 21 days. a,b) Cobalt 12.5µM showed
dense mineralised nodules (MN) formed on top osteoblasts (OB) and collagen-rich ECM. Collagen
fibrils (COL) exhibited an oriented arrangement. c) Mineralised granules were observed inside cells
exposed to cobalt 12.5µM. d) Collagen banding were detected in the fibrous ECM environment of
cobalt 12.5 µM. e) Cobalt 25µM exhibited collagen-rich ECM, however, less dense mineralised nodules
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were detected in comparison to cobalt 12.5µM. f) Cobalt 25µM revealed less dense calcium phosphate
(CaP) aggregates associated with collagen fibrils instead of mature dense nodules.

DDC-SEM micrographs of cobalt 12.5µM revealed compact mineralised structure
(red) embedded in extracellular matrix (green). Dense mineralised regions spread
smooth and all over nodule (Figure 3.16).

10 µm

Figure 3.16 – DDC-SEM of cobalt treated osteoblasts. Cobalt 12.5µM exhibited dense mineralised
structure (red) distributed smooth all over extra cellular matrix (green).

Cobalt 12.5µM exhibited a B-type carbonate substituted apatite near 960 cm-1 similar
to normoxia and native bone (Figure 4.16). Interestingly, cobalt 12.5µM showed fairly
similar degree of crystallinity compared to native bone. Moreover, cobalt 12.5µM
revealed mineral to matrix and carbonate to phosphate ratio to normoxia but still lower
than hypoxia.

a
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Mineral to
matrix ratio

Carbonate to
phosphate ratio

Native bone
(Rat calvaria)
(n=31)

960.12 ± 0.03

28.06 ± 0.89

8.50 ± 0.04

0.21 ±0.03

Normoxia
(n=25)

960.12 ± 0.02

21.48 ± 0.388

7.14 ± 0.43

0.12 ± 0.11

Hypoxia
(n=51)

962.08 ± 0.01

20.31 ± 0.045

****

6.62 ± 0.03

0.13 ± 0.01

Cobalt 12.5
(n=15)

960.01 ± 0.01

28.81 ± 0.89

7.15 ± 0.03

0.12 ± 0.01

**

Phosphate peak
FWHM (cm-1)

**

****

Phosphate peak
position

****

Samples

****

b

**

Figure 3.17 –Raman spectra of rat calvarial native bone and osteoblasts treated with cobalt. a) All
spectra were marked for phosphate P-O bending n4 (PO43- n4), phosphate P-O stretching n1 (PO43- n1),
carbonate C-O n1 (CO32- n1), Amide III, CH2 deformation, Amide I. b) Table detailing the phosphate
peak parameters and mineral properties. ‘n’ shows the number of spectra measured for each sample.
Values are mean ± SD. **** P £ 0.0001

3.3.9 DMOG and Bone Nodule Formation
Having determined that cobalt has a concentration depended inhibitory effect on bone
nodule formation, the effect of DMOG on bone nodule formation was also assessed to
find out if this effect is HIF pathway-dependent. DMOG 250 and 500µm formed small
non-dense bone nodules. DMOG 1000µM, however, inhibited bone nodule formation
which is associated with the toxicity effect caused by high DMOG concentration.
Presence of calcium in the nodules formed in DMOG 250 and 500µM treated
osteoblasts was confirmed by Alizarin Red staining. Calcium content was hardly
detectable in DMOG 1000µM. SEM micrographs also exhibited that the nodules have
short height and are not raised from the culture surface in both DMOG 250 and
500µM. In SEM images of DMOG 1000µM a cell layer was only observed (Figure
3.18).
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Figure 3.18 – The effect of DMOG on nodule formation. Optical microscopy, Alizarin Red calcium
staining, SEM and cell well scanning were used to image osteoblast treated with DMOG 250, 500 and
1000µM after 21 days. DMOG 250 and 500µM exhibited non-dense bone nodule formation. Whilst,
no nodules were observed in DMOG 1000µM. Alizarin red staining displayed presence of calcium in
both DMOG 250 and 500µM. Limited bright red stained areas in DMOG 1000µM also confirms
inhibitory effect of high DMOG concentration on nodule formation. SEM micrographs revealed small
nodules raised from surface in DMOG 250 and 500µM treated osteoblasts and a thin cell layer with no
nodules in DMOG 250µM.

DMOG 250µM covered %0.59 ±0.14 of the surface (36mm2) with nodules higher than
30µm (Figure 3.19a). The maximum height of nodules was 63.88 ± 10.79µm. DMOG
500µM covered %0.34 ± 0.17 of surface with maximum height of 65.06 ± 16.37µm
(Figure 3.19b). Nodules in DMOG 250µM covered 1.7-times more of the surface than
that of DMOG 500µM (Figure 3.19c). Nodules in both conditions exhibited quite
similar values for maximum height (Figure 3.19d).
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Figure 3.19 – Morphological quantification of DMOG treated nodules. a) DMOG 250µM and b)
DMOG 500 µM at 20% O2. c) DMOG 250µM covered %0.59 ±0.14 of the surface (36mm2) with
nodules higher than 30µm which is 1.7-times higher than that of DMOG 500µM.d) Both conditions
exhibited quite similar maximum height of the nodules. DMOG 250 and 500µM showed maximum
height of 63.88 ± 10.79µm and 65.06 ± 16.37µm respectively. Values are mean ± SD; n= 3. (P > 0.05)

TEM examination of osteoblasts cultured in DMOG 250µM showed small mineralised
regions and bundles of collagen fibrils deposited on the osteoblasts (Figure 3.20a).
Although mineralised nodules did not seem to be electron dense and mature, abundant
aligned collagen fibrils were observed in DMOG 250µM (Figure 3.20b). Less compact
mineralised structures embedded in collagen ECM and osteoblasts were also detected
in DMOG 500µM (Figure 3.20c). Collagen matric cross banding was observed in
DMOG 500µM (Figure 3.20d). In addition, both conditions exhibited intercellular
mineralisation and mineral granules within osteoblasts (Figure 3.20b,c).
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Figure 3.20 – TEM micrographs of bone nodules in DMOG. a) DMOG 250µM showed small
mineralised nodules (MN) surrounded with osteoblasts (OB) and collagen-rich ECM. b) DMOG
250µM exhibited abundant collagen fibrils (COL) with oriented arrangement, whilst a few mineralised
structures were observed. c) DMOG 500µM formed less dense mineralised nodules compared with that
of DMOG 500µM. d) Collagen banding were observed in DMOG 500µM.

Raman spectra of DMOG 250µM did not provide valuable information regarding the
compositional analysis due to the small sample size (Figure 3.21).

Figure 3.21 – Raman spectra of nodules in
DMOG. Due to small size of the nodules in
DMOG 250µM and therefore inaccurate peak
position, biochemical analysis of this condition
was not possible.
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3.3.10 Comparison of the Bone Nodules Formed in Hypoxia,
Normoxia and HIF-Stabilisers
As both cobalt and DMOG showed concentration dependent inhibitory effect on bone
nodule formation, the best concentrations of both cobalt and DMOG were then
compared to normoxia and hypoxia. Hypoxia completely inhibited bone nodule
formation and resulted in dystrophic mineralisation; whereas, normoxia, cobalt
12.5µM and DMOG 250µM formed compact bone nodules, which confirm the
oxygen-dependency of bone formation. The presence of nodules in osteoblasts treated
with cobalt 12.5µM and DMOG 250µM, two common HIF stabilisers, revealed that
the hypoxia-induced inhibitory effect on bone nodule formation is due to the low
oxygen level and not HIF-pathway. Cobalt 12.5µM exhibited larger and more dense
nodules compared with that of DMOG 250µM. Calcium content was detected in all
conditions using Alizarin Red staining, however, there are differences between
morphologies which suggests that the presence of calcium does not necessarily define
bone nodules. Bright red dystrophic particles detected in hypoxia indicated dystrophic
mineralisation, whilst, cobalt 12.5µM and DMOG 250µM showed darker mineralised
structurers with well-defined edges resembling compact bone. SEM micrographs
displayed large nodules higher from the culture surface in cobalt 12.5µM, smaller
early nodules in DMOG 250µM and dystrophic particles in hypoxia (Figure 3.22).
Nodules formed in normoxia, cobalt 12.5µM and DMOG 250µM covered %15.87 ±
0.22, %10.64 ± 1.21 and %0.59 ±0.14 of the surface (36mm2), respectively. Whereas,
only %0.06 ± 0.05 of the hypoxic cultures was covered with nodules higher than
30µM. Cobalt 12.5µM exhibited ~18 -fold increase in the surface covered with nodule
in comparison with DMOG 250µM and 17.6-fold increase compared with that of
hypoxia. Maximum height of the nodules in cobalt 12.5µM was 73.7 ±4.06µm which
is ~1.1-times more than that of DMOG 250µM and ~2.7-times more than that of
hypoxia. Cobalt 12.5µM covered higher surface with nodules than DMOG 250µM.
The maximum height of nodules in normoxia, cobalt 12.5µM and DMOG 250µM
conditions were quite similar. Taken together, all conditions formed more nodules an
higher nodules than hypoxia (Figure 3.23a,b).
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Figure 3.22 – Comparison of the nodules in normoxia, hypoxia and HIF stabilisers. Optical microscopy,
Alizarin Red calcium staining, SEM and cell well scanning were used to image osteoblast treated with
DMOG 250, 500 and 1000µM after 21 days. DMOG 250 and 500µM exhibited non-dense bone nodule
formation. Whilst, no nodules were observed in DMOG 1000µM. Alizarin red staining displayed
presence of calcium in both DMOG 250 and 500µM. Limited bright red stained areas in DMOG
1000µM also confirms inhibitory effect of high DMOG concentration on nodule formation. SEM
micrographs revealed small nodules raised from surface in DMOG 250 and 500µM treated osteoblasts
and a thin cell layer with no nodules in DMOG 250µM.
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Figure 3.23 –Size comparison of nodules in normoxia, hypoxia and HIF stabilisers .a) Hypoxia and
DMOG 250 µM covered %0.06 ±0.05 and %0.59 ±0.14 of the surface (36mm2) with nodules higher
than 30µm respectively; whereas cobalt 12.5µM covered %10.64 ± 1.21 which is higher than that of
hypoxia and DMOG 250µM. b) Normoxia, cobalt 12.5µM and DMOG 250µM exhibited quite similar
maximum height of the nodules. While, hypoxia significantly (P ≤ 0.001) decreased nodule height.
Values are mean ± SD; n= 3. **** P £ 0.0001, *** P £ 0.001

94

3.4 Discussion
Summary:
Hypoxia (1% O2) almost completely inhibited ALP production after Day 1, and
substantially reduced bone nodule formation. Continuous hypoxia resulted in small,
dystrophic, mineralised structures (below 30µm in height), which had a reduced
protein to mineral ratio (quantified by Raman spectroscopy) compared to nodules
formed in normoxia. The ultra-structural (TEM) analysis of the mineralised structures
formed in hypoxia did not demonstrate extracellular mineral associated with collagen
fibres. This is the first report on the biochemical, ultra-structural and morphological
quantification of bone nodules grown in vitro in hypoxia.
This chapter also demonstrated, for the first time, that the known HIF stabilisers
(cobalt and DMOG) had a dose dependant effect on bone nodule formation, with
increasing concentrations inhibiting bone nodule formation. Cobalt 12.5 and 25µM
as well as DMOG 250 and 500µM did not inhibit bone nodule formation. The dose
dependant effect of HF stabilisers may indicate that the inhibitory effect of hypoxia is
not entirely HIF pathways dependent or that bone nodule formation is subject to the
level of HIF-1α stabilisation.
Understanding how hypoxia and HIF-1α stabilisation influences bone regeneration in
vitro, will allow improved in vitro modelling on bone formation and will inform the
development of new medical interventions, including improved materials for bone
tissue engineering. Further investigations are needed to explore the relationship
between the effect of low oxygen and HIF stabilisation on bone regeneration, which
could include the optimisation of the duration of HIF stabilisation and the use of HIF
inhibitors such as echinomycin.

3.4.1 How do Hypoxia and HIF Affect Metabolic Activity and
Proliferation?
In this study, hypoxia (1% O2) exhibited an increase in metabolic activity both per unit
of DNA and in total metabolic activity up to day 3 (Figure 3.1a and 3.2a). This may
indicate a metabolic switch from aerobic to anaerobic respiration, triggered by HIF95

1α regulation to adapt to low oxygen environment and an increase in ATP release
[483]. The ATP release may rapidly increase ATP production in hypoxia, this rapid
increase may also compromise longer-term survival through excess ROS production
[484]. Indeed, a decrease in proliferation and metabolic activity was observed in
hypoxic cells after day 3. This decrease in proliferation may be due to HIF-1a binding
to the minichromosome maintenance protein complex (MCM) DNA helicase, causing
a decrease in the expression of activating kinase Cdc7 and downstream proteins which
attenuates proliferation rate a [485]. Hypoxia also targets the Myc gene (c-Myc) ,HIF1a stabilisation displaces Myc from its DNA binding site and stimulates p21 and p27
gene transcription which are cell cycle inhibitors [486, 487].
Cobalt and DMOG are known to inhibit the degradation of HIF-1α and thereby enable
its migration to the nucleus and cause HRE gene expression [315, 488]. It is therefore
interesting that these HIF stabilisation molecules in normoxia demonstrated different
metabolic activity and proliferation to hypoxia. Normoxia, cobalt and DMOG initially
increased proliferation and then significantly decreased which might be associated
with the compromised cell lysing due to bone nodule formation. Normoxia, DMOG
250µM and cobalt 12.5µM exhibited the highest cellular proliferation, respectively.
Furthermore, we expected to see a pattern of increase followed by decrease in the
normalised metabolic activity per unit DNA, whilst metabolic activity per cell did not
decrease which might be associated with low DNA number after day 3.
It is important to note that despite the known importance of HIF and hypoxia in bone
development (refer to chapter 1) there are relatively few papers that have investigated
the role of hypoxia and the HIF pathway on osteoblasts in vitro (58 articles found in
web of science*). 1The majority of these papers investigate the important role of
hypoxia in angiogenesis-osteogenesis coupling (~25%). Furthermore, to date, only 8
publications have reported on the effect of chemical HIF-1α stabilisation (HIF
stabilisers) on osteoblasts in vitro [323, 489-495], of these publications there has not
(to date) been a comparison between the relative effect of the most commonly used
chemical HIF-1α stabilisers (DFO, cobalt and DMOG) on osteoblast metabolic
activity and proliferation (Table 3.1). Indeed, only 3 publications have separately
reported on the effect of DFO, DMOG and cobalt on metabolic activity (up to 3 days)

*Web of science search with Osteoblast* in title and the inclusion of hypoxia, HIF* and either DMOG,
DFO or cobalt* in subject
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on osteoblast [493, 496, 497]. Our study is therefore the first report to not only
compare the effect of these HIF stabilisers on cell metabolic activity and proliferation
but also to measure them on primary osteoblasts. The importance of using primary
osteoblasts over cell lines for investigating the role of hypoxia, HIF-1α on bone
formation in vitro is discussed in detail in chapter 6 (general discussion), but cancerous
bone cell lines will certainly have an altered metabolic activity, increased proliferation
and their ability to form bone nodules similar to bone is uncertain [498, 499].
Table 3.1 – Summary of published research* on the effect of HIF stabilisers on osteoblast cells.
Paper

Osteoblast cell
type

Metabolic
Activity

Total
DNA

hypoxia
level

HIF
Mimetic

Kim, HH [500]

SaOs-2-U20S

no

no

0.01%

Cobalt

Irwin, R [490]

MC3T3-E1

Day1-7

no

2%

DMOG

Genetos, D [489]

MC3T3-E1

no

no

2%

DMOG

Genetos, D [492]

UMR cells

no

no

1%

DFO

Li, C [497]

MC3T3-E1

no

no

1%

DFO

periodontal cells

no

no

no hypoxia

Cobalt

MC3T3-E1

no

no

1%

DFO

Osteosarcoma
(Human)

Day1-3

no

no hypoxia

DFO

MC3T3-E1

D3

no

no hypoxia

Cobalt

Osathanon,T
[493]

Xing, Y [501]
Vrtacnik,P [496]

Li, C [497]

Considering that hypoxia and HIF-1α stabilisation are known to influence metabolic
activity, it is interesting to note that the papers that claimed to measure proliferation
used metabolic activity assays (MTS, CCK8, AlamarBlue). Furthermore, as it is
known that cell proliferation and cell number effect osteoblast behaviour,
differentiation and nodule formation [502]. It is somewhat surprising that very few
papers (none found) report the cell number (total DNA) when studying the effect of
hypoxia or HIF stabilisers on osteoblasts (no publication found to date).
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3.4.2 How Do Hypoxia and HIF Affect Angiogenic Response?
Numerous studies have demonstrated the pivotal role of HIF pathway in inducing
angiogenesis. HIF-1a stabilisation under hypoxic condition has been shown to
upregulate VEGF production [276]. Moreover, CoCl2 and DMOG have been shown
to enhance VEGF expression via the HIF-1a pathway [323, 503, 504]. At the site of
fracture, angiogenesis is essential for the delivery of oxygen and nutrients to initiate
the repair process [505]. Angiogenesis is also closely correlated with osteogenesis to
the extent that prevention of angiogenesis via inhibiting angiogenic factors such as
VEGF will cause impaired bone repair [128-130].
In this study, hypoxia demonstrated ~ 5-fold increase compared to normoxia on day
1. While, on day 7, minor increase in VEGF concentration was noted in cells
maintained at hypoxia compared with normoxia. Hypoxia also exhibited higher VEGF
production compared with that of HIF stabilisers, which supports the findings by
Steinbrech et al. (2000) and Sandner et al. (1997) [506, 507]. Comparing with
normoxia, cobalt 25 and 50µM and DMOG 250 and 500µM showed increased VEGF
levels on day 1; whereas on day7, only cobalt 12.5µM revealed slightly higher VEGF
production compared with normoxia and other HIF mimetic concentrations which
might be due to the toxic effect of higher concentrations on the angiogenic response.
Taken together these data suggest that hypoxic conditioning and treating with cobalt
12.5 µM up to 7 days may improve angiogenesis and increase blood flow to the bone
defect.

3.4.3 How Do Hypoxia and HIF Affect ALP Production?
Hypoxia sharply decreased osteoblast ALP activity and ALP production was hardly
detectable from day 14 onwards; whereas, normoxia, cobalt 12.5µM and DMOG
250µM showed enhanced ALP activity over 21 days. Reduced ALP production under
hypoxic condition may explain the decreased differentiation ability of osteoblasts, as
has been previously reported [268]. Under normoxic condition, a 1.2-fold increase in
ALP levels of osteoblasts was observed which contradicts the results from the study
by Gentleman et al. (2009) where mouse calvarial osteoblasts ALP activity was
suppressed after day 10 in normoxia [246]. While, the ALP activity presents in this
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study is consistent with another study by Utting et al. (2006) where rat calvarial
osteoblasts in normoxia had an increasing trend up to day 18 [268].
The cause for these contradictions remains unknown but it can be associated with the
cell type or age of the animals. Hydroxyapatite crystal formation during bone
mineralisation requires phosphate. In the body, alkaline phosphatase (ALP) is
responsible for providing phosphate via hydrolysing phosphate containing substrates
such as adenosine triphosphate (ATP) and inorganic pyrophosphate [46, 47]. Hypoxiainduced inhibitory effect on ALP production may also be attributed to the precipitation
of inorganic phosphate with calcium in the cell culture medium as a result of enhanced
ALP production and consequently dystrophic mineral deposition [246, 456]. Hypoxia
also exhibited lower total protein content determined by Lowry method compared with
normoxia and HIF stabilisers from day 7 which is in accordance with the other
researches showing that hypoxia downregulates expression of different proteins [508,
509].
Cobalt 12.5µM showed significantly increased (P ≤ 0.0) ALP activity compared to
normoxia only on day 7 and showed very similar ALP activity to normoxia on day 14
and day 21. These findings are consistent with a study by Wu et al. (2012), which has
shown that cobalt showed no obvious differences (P > 0.05) in ALP activity and ALP
activity was comparable with normoxia [316]. This suggest that addition of cobalt
support the normal differentiation of osteoblasts. While, DMOG 250µM exhibited
significantly increased (P ≤ 0.0001) ALP activity up to day 21. This finding is also in
accordance with Zhang et al.’s work (2016) where addition of DMOG enhanced ALP
levels of BMSCs after 3,7 and 21 days. This study suggested that DMOG increased
ALP activity and osteogenic capabilities of BMCs (at least in part) via activation of
Rho/ROCK pathway. Rho/ROCK is an important pathway responsible for regulating
cell morphology, cell cycle, gene transcription and actin reorganisation [510]. These
differences might be associated with the distinct mechanism of effect of these two HIF
stabilisers as discussed in Chapter 3.
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3.4.4 Hypoxia but Not HIF Stabilisers Inhibited Bone Nodule
Formation
Under hypoxic condition (1% O2), a dystrophic calcification was observed where
mineral was not associated with the collagen fibres. This tissue cannot be classified as
bone and will not have the mechanical or structural properties as bone. The inhibition
of bone nodule formation in hypoxia does not appear to be HIF dependent as HIF
stabilisation using cobalt at concentrations of 12.5 and 25µM and DMOG at
concentration of 250µM did not inhibit bone formation. Although Alizarin Red
staining covered a large percentage of the surface under hypoxic condition, but
chemical analysis and quantification revealed that these mineral structures are not the
same as the bone nodules. Furthermore, the intensity of the red is different in hypoxia
compared with all other conditions which also confirms that it is not bone nodule.
Numerous papers especially in bioceramics field have published research that looks
like bone, however they are more similar to these dystrophic mineralised structures
[511, 512]. In fact, recent publication by Zhou et al. (2017) demonstrated that in
bioceramics research this dystrophic spontaneous mineralisation can occur in the
absence of the cells and is mainly due to the release of calcium and phosphate from
the medium [513].
Osteoblasts in normoxia, cobalt 12.5 and 25µM and DMOG 250µM formed
widespread mature mineralised nodules, while, dystrophic mineralisation occurred
under hypoxic condition which suggests that osteoblasts activity and bone formation
are robustly oxygen dependent. Most of the in vitro studies use atmospheric oxygen
level (~20% O2) as normoxia for culturing osteoblasts; however, native bone pO2 is
lower ( ~ 5-12%) and can decrease to 0.1% at the site of fracture [514]. Thus, normoxia
does not mimic pathological condition where bone regeneration occurs. Despite the
fact that the type of mineralisation differs under normoxia and hypoxia, both
conditions were stained positive for Alizarin Red calcium staining which confirms the
presence of calcium in dystrophic mineralised regions and bone nodules. Both
conditions produce a distinctly different red colour which shows dissimilarities,
Alizarin Red is an incompetent technique for determining bone nodules.
Reduced proliferation of immature osteoblast precursors in hypoxia and subsequently
lack of minimum cell mass required for differentiation may explain the inhibitory
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effect of hypoxia on nodule formation. Supressed proliferation rate and impaired
differentiation ability of hypoxic cells also compromise collagen formation and ALP
activity. Some studies have linked decreased osteoblastic differentiation to reduced
expression of transcriptional factors such as RUNX2 under hypoxia [268, 515, 516].
In addition, excessive ALP production and consequently high levels of inorganic
phosphate can cause osteoblasts cell death and dystrophic mineralisation when
phosphate precipitates with the calcium ions from the culture medium [456, 517].
Earlier stages of bone repair including such as inflammatory response may also be
involved in hypoxia-induced inhibitory effect on bone nodule formation.
SEM micrographs of osteoblast in normoxia and cobalt 12.5µM on day 21
demonstrated large nodules with smooth surface raised form the culture platform.
DMOG 250µM formed smaller early nodules. While, hypoxia did not form any
nodules and resulted in dystrophic mineralisation. Nodule quantification revealed that
normoxia formed more nodules than cobalt 12.5µM, DMOG 250 µM and hypoxia.
However, the nodules in cobalt 12.5µM treated condition were the highest among all.
Moreover, DMOG 250µM showed tall but few nodules. Hypoxia only covered %0.06
±0.05 with nodules which means no proper nodules were formed in low oxygen
pressure. In addition, hypoxia exhibited localised less dense dystrophic mineralisation
with rough semi-spherical morphology, while normoxia and cobalt 12.5µM revealed
dense areas spread smooth and all over nodule.
In addition, normoxia, cobalt 12.5µM and DMOG 250µM exhibited ECMs with
oriented bundles of collagen fibrils. While, in hypoxic ECM no collagen fibrils were
detectable due to lack of oxygen as the enzymes for collagen formation consume
oxygen for their survival and activity. Reduction in osteoblasts proliferation rate and
differentiation capability also impair collagen formation [268]. Dense mineral
granules with disordered morphology were also detected within osteoblast
mitochondria of the mineralised nodules in normoxia, cobalt 12.5µM and DMOG
250µM.

Boonrungsiman et al.’s (2012) [78] observations have confirmed the

presence of the calcium within these granules which suggests that calcium phosphate
is transferred from inside the osteoblast to the ECM [469, 478]. Calcium phosphatecontaining vesicles are also known as matrix vesicles. A summary of all possible
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theories for mineral formation as well as essential role of mitochondria in bone
mineralisation have been described in Section 2.1.3.

3.4.5 How Do Hypoxia and HIF Affect Biomolecular Composition of
The Nodules?
All conditions except hypoxia exhibited showed a B-type carbonate substituted apatite
near 960 cm-1, while hypoxia showed crystalline non-substituted hydroxyapatite near
962 cm-1. Native bone and cobalt 12.5µM exhibited similar degree of crystallinity
(reduced FWHM) and hypoxia exhibited the highest degree of crystallinity due to
decreased ECM formation. Under hypoxic condition, there are more similar bonds
between calcium and phosphate in the apatite; whereas, in bone there are different
mineral environments that is possibly because of presence of other ions such as
strontium, magnesium and silicon as shown by Swain et al. (2008) [518]. Mineral-tomatrix ratio and carbonate-to-matrix ratios are indicators of the amount of
mineralisation and the strength of the bone [519, 520]. All conditions exhibited lower
mineral to matrix which means that native bone has the highest amount of
mineralisation. Normoxia and cobalt 12.5µM also exhibited increase mineral to matrix
ration compared to hypoxia which is associated with the higher amount of
mineralisation in these two conditions. Hypoxia also showed smaller amide I peak
which is consistent with the lower collagen content and matrix maturity. Normoxia,
hypoxia and cobalt 12.5µM showed quite similar carbonate to phosphate ratio, while
native bone had the highest carbonate to phosphate ratio which indicates the amount
of hydroxyapatite formation. Taken together these data suggest that hypoxia formed
less mineral and less ECM compared with native bone, normoxia and cobalt 12.5µM.
Cobalt 12.5µM displayed fairly similar (P > 0.05) degree of crystallinity to native bone
which means that cobalt 12.5µM might be able to promote the quality of bone formed
in vitro and make it more similar to native bone.

3.5 Conclusion
Using an in vitro model of bone nodule formation with neonatal rat osteoblastic cells,
we exhibited that hypoxia (1% O2), but not HIF stabilisers (cobalt and DMOG)
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inhibited bone nodule formation. It can be concluded that the inhibitory effect of
hypoxia on bone nodule formation is not HIF dependent and is associated with low
oxygen level. Osteoblasts in normoxic condition (20% O2) and non-toxic range of
cobalt and DMOG effectively formed widespread large nodules raised from the
culture surface with similar features as native bone, while hypoxia failed to form
nodules and resulted in dystrophic calcification with distinct composition and
morphology. Moreover, normoxia and cobalt 12.5µM exhibited more similar
ultrastructure and biochemical composition to bone than hypoxia.
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Chapter 4

Si-Bioactive Glasses for The

Controlled Delivery of HIF-Stabilisers for Bone
Regeneration
4.1 Introduction
Si-based bioactive glasses have been reported to promote bone formation, through the
controlled release biologically relevant ions, namely Ca, P and Si [325, 521, 522]. The
release of Ca and P has been shown to form apatite in biological fluids and this is
believed to accelerate bone repair [269, 325]. Si-based bioactive glasses have been
reported to have improved bone forming capability than non-Si containing
bioceramics [523], which is believed to be due to the biological activity of Si. Xynos
et al. (2000, 2001) reported that the dissolution products from 45S5 Bioglass®
activated a number of genes important bone repair in vitro [251, 524], whilst other
studies have also reported that silicate can increase osteoblast proliferation and
collagen production [525]. Controlled release of Si is, however, important as too high
concentration can inhibit osteoblast proliferation [526]. Somewhat surprisingly
considering the invention of Si-bioactive glasses was over 50 years ago, there is still
relatively little known about the cellular mechanism of Si.
In order to tailor the bioactive glass network for specific applications the relative
amount of Ca P, Na, and P can be altered to affect the mechanical, thermal, degradation
or biological properties of BGs. Other biologically relevant ions can also be added to
the class network for controlled release including; Ag for anti-microbial properties, Sr
for osteoclast inhibition and Mg for wound healing. CoBGs were also created with a
view to stabilising the HIF-pathway and promoting angiogenesis (first discovered by
Jell) [269]. Cobalt was found to be present in both the orthophosphate phase and
silicate phase confirmed by Azevedo et al. (2010) [269]. Since then a number of other
cobalt (and other HIF stabilising transition metal) containing bioactive glasses have
been created and have been shown to both stabilise HIF-1α and increase VEGF
expression [261, 269, 316]. For example, collagen-glycosaminoglycan composite
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scaffolds containing CoBG exhibited ~3-fold increase in VEGF level and enhanced
osteoblast proliferation compared to scaffolds without CoBGs [261]. Moreover,
Copper containing BGs exhibited improved angiogenesis as well as antibacterial
properties [319]. Although a number of studies have investigated the effects of HIF
stabilising-BGs (cobalt and copper containing BGs) on osteogenic cells, the effect on
bone nodule formation in vitro has not been previously studied. This is particularly
important considering the known inhibitory effect of hypoxia on bone nodule
formation (see chapter 3) [268].
In Chapter 3, it was demonstrated that hypoxia inhibited bone nodule formation but
that cobalt (12.5µM) and DMOG (250µM) did not inhibit nodule formation. Cobalt at
12.5µM and DMOG at 250µM has previously been shown to stabilise HIF-1α and
promote HRE in a number of studies [527-529]. The effect cobalt releasing Si-BGs of
bone nodule formation is, however, unknown but this may be a means to couple
angiogenesis and osteogenesis. The use of cobalt and Si containing glasses with
different compositions and release rates could allow us to use different therapeutic
ions to target different stages of healthy bone regeneration, i.e. to mimic the native
bone regeneration (soft callus vascularisation followed by mineralisation). Controlling
the release of Si and cobalt from bioactive glasses, might be especially important in
elderly and diabetic patients, where bone cells have a reduced ability to respond to
changed oxygen environments [530, 531]. Artificially stabilising HIF in these patients
may activate normal bone regeneration processes (investigated in chapter 5), but firstly
it’s important to understand the effect of Si-Co Bioactive glasses on bone nodule
formation.

4.2 Aims
•

To determine the effect of Si on in vitro bone nodule formation including
metabolic activity, proliferation and nodule formation (in terms of biochemical
composition, ultra-structure and size).

•

To determine by ICP if cobalt can be released in a controlled manner from
silicate BGs at a relevant concentration.
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•

To determine if Si-based CoBGs affect bone nodule formation including
metabolic activity, proliferation and nodule formation (in terms of biochemical
composition, ultra-structure and size).

4.3 Methods and Materials
The effect of dissolution products of CoBGs on bone regeneration were investigated
and compared to normoxia (20% O2) and hypoxia (1% O2) using rat osteoblasts in
vitro which were cultured with bone mineralising supplements as previously explained
in Chapter 2. A series of 45S5 bioactive glasses with 0, 1 and 4 Mol% cobalt (0%, 1%
and 4% CoBG) were made using melt-quench route as previously described chapter 2
[269] at the Dept. Materials, Imperial College London in collaboration with Prof.
Julian Jones’s research group. DMOG was not included in this chapter as it cannot be
incorporated into the bioactive glass network (unlike cobalt).
The dissolution products were prepared at concentration of 1.5mg BG powder
(<0.38µm)/mL α-MEM or in de-ionised distilled H2O as described in chapter 2. The
dissolution in w ICP-OES was performed (Materials Dept, Imperial college London
with Prof. Jones’s group) on the resulting solutions to calculate the ions concentrations
of silicon (Si), calcium (Ca), phosphorus (P) and cobalt (Co) (Table 4.1) Sodium (Na)
ion release was not measured due to minimum effect it has in comparison to the much
high Na content of a-MEM.
To delineate the role of Co, Si and BG dissolution products on bone nodule formation,
the effect of Si (0.5, 1 and 2mM) on bone nodule formation was compared with
comparable concentration of BG conditioned media according to the ICP profiles To
achieve this the 0%CoBG stock (1.5 mg/mL) was diluted in a-MEM to achieve similar
levels as 0.5, 1 and 2mM Si – referred to as (0.5Si)0% CoBG, (1Si)0% CoBG, (2Si)0%
CoBG (Table 4.2). Moreover, the 1% CoBG was further diluted to match cobalt levels
in Chapter 3 (12.5, 25 and 50 µM) which are referred to as (12.5)1%CoBG,
(25)1%CoBG and (50)1%CoBG from now (Table 4.3). Dissolution products of
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4%CoBG were not used in this study due to the toxic effect of cobalt at this
concentration (261.62 µM) [532, 533].
Metabolic activity, proliferation rate and alkaline phosphatase (ALP) activity of the
cells were measured. Bone nodules were characterised using Alizarin Red staining,
SEM (Dept. Archaeology, UCL), TEM (Dept. Anatomy, UCL), Raman spectroscopy
(Dept. Physics, UCL) and Interferometry (Lambda Co., Harpenden). VEGF
expression profile of osteoblasts exposed to the BG dissolution products or Si was
determined using a sandwich ELISA. Due to difficulties in obtaining DNA and
thereby normalisation of VEGF production per cell at day 14 and 21, together with the
importance of VEGF in the early stages of bone regeneration, VEGF is only reported
on day 1 and day 7.

4.4 Results
4.4.1 Ion Release Profiles of BGs
Ion release profiles of the BGs in both a-MEM and water were analysed by ICP-OES.
The 4%CoBG showed ~3.5 times more Co release compared to 1%CoBG after 4 hours
incubation (Figure 4.1a). The addition of cobalt decreased the release of Si and Ca
ions in a-MEM (Figure 4.1b, c). Si had faster release in BGs with 0% and 1% Co
content (Figure 4.1c). Ca release significantly decreased to near zero over 4 hours
(Figure 4.1b). Phosphorus and calcium did not show release in a-MEM (Figure 4.1b,
c); however, increasing release trends for both calcium and phosphorus were observed
in water (Figure 4.1e, f). Ca release decreased to near zero over 4 hours whilst no
phosphorus was detected in a-MEM. Ca and P release profiles were different when
incubated in H2O compared to α-MEM, demonstrating the impact of the existing ions
in the αMEM on number of “free” ions present in the solvent.
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Figure 4.1 –Ion release profiles of BGs incubated in a-MEM (a-d) and H2O (e-f) as a function of time
determined by ICP-OES a) Co concentration in a-MEM. 4%CoBG exhibited ~3.5 times higher Co
release compared to 1%CoBG.b) Ca concentration in a-MEM. Addition of Co decreased Ca release.
Calcium release significantly decreased over 4 hours. c) Si concentration in a-MEM. Si release was
reduced with addition of Co d) P concentration in a-MEM. P did not exhibit any release in a-MEM. e)
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Ca concentration in water and f) P concentration in water. Values are mean ± SD; n= 3. **** P £
0.0001, *** P £ 0.001

Table 4.1 – Ion concentration in 0%, 1% and 4%CoBG-conditioned a-MEM measured by ICP-OES.
Glass composition

Ca (µM)

Co (µM)

Si (mM)

P (mM)

0%CoBG

100.14

0.00

2.86

0.00

1%CoBG

0.00

74.36

2.57

0.00

4%CoBG

0.00

261.62

2.16

0.00

Table 4.2 – Ion concentration in diluted 0%CoBG to achieve 0.5, 1 and 2mM Si content.
Glass composition

Ca (µM)

Co (µM)

Si (mM)

P (mM)

(0.5Si)0%CoBG

17.50

0.00

0.50

0.00

(1Si)0%CoBG

35.01

0.00

1.00

0.00

(2Si)0%CoBG

70.02

0.00

2.00

0.00

Table 4.3 – Ion concentration in diluted 1%CoBG to achieve 12.5, 25 and 50µM Co content.
Glass composition

Ca (µM)

Co (µM)

Si (mM)

P (mM)

(12.5)1%CoBG

0.00

12.50

0.43

0.00

(25)1%CoBG

0.00

25.00

0.86

0.00

(50)1%CoBG

0.00

50.00

1.73

0.00

4.4.2 The Effect of Si Ion on Osteoblast Metabolic Activity and
Proliferation
To determine the correlation between Si ion and metabolic activity and proliferation,
alamarBlue and DNA quantification assays were performed. All concentrations of Si
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exhibited significantly higher (P ≤ 0.001) metabolic activity than hypoxia from day 7
onwards (Figure 4.2a). Si 0.5 and 1mM showed similar (P > 0.05) metabolic activity
to normoxia up to day 7. All concentrations of Si significantly decreased (P ≤ 0.0001)
metabolic activity on day 21 compared to normoxia. (Figure 4.2a).
All Si treated conditions showed increased cell number (total DNA) up to day 14,
followed by a decrease between days 14 and day 21 (Figure 4.2b). While, normoxia
started decreasing proliferation from day 7. This may be indicative of cell number or
ECM formation compromising DNA availability during cell lysis. On day 21, all Si
conditions exhibited significantly increased (P ≤ 0.0001) cell number compared to
normoxia. Hypoxia showed significantly increased (P ≤ 0.0001) metabolic
activity/DNA compared to normoxia up to day 7. While, all Si concentrations had
similar (P > 0.05) metabolic activity to normoxia up to day 7 (Figure 4.2c). Normoxia
showed an increase in metabolic activity/DNA after day 7 but this may again reflect
the decrease in DNA and the difficulty in obtaining the DNA due to bone-ECM
formation. On day 21, normoxia revealed significantly higher (P ≤ 0.0001) metabolic
activity/DNA than all other conditions. Hypoxia revealed an increased proliferation
rate compared with other conditions between day 1 and day 3 followed by a sharp
decrease from day 3 (Figure 4.2d). All Si concentrations exhibited significantly higher
(P ≤ 0.05) proliferation rate compared to normoxia on day 21.
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Figure 4.2 – Effect of Si, normoxia, hypoxia on metabolic activity and proliferation of osteoblasts. a)
Hypoxia increased metabolic activity up to day 3 followed by a sharp decrease. All Si conditions
exhibited reduced metabolic activity compared to normoxia on day 21. b) Hypoxia sharply decreased
cell number from day 3 and exhibited similar cell number to normoxia on day 21. However, all Si
concentrations showed higher cell number than normoxia on day14 and 21. c) Hypoxia increased
metabolic activity/DNA from day 1 to day 7 compared to normoxia and Si conditions. Normoxia
significantly enhanced (P ≤0.0001) metabolic activity/DNA compared to other conditions on day 21.d)
All Si concentrations exhibited increased proliferation rate compared with both normoxia and hypoxia
from day 7 onwards. Values are mean ± SD; n= 5. **** P £ 0.0001, *** P ≤ 0.001, ** P ≤ 0.01 and *
P ≤ 0.05

4.4.3 The Effect of Si Ion on Osteoblast Angiogenic Response
Expression of VEGF is an essential phase during angiogenesis. Hypoxia and all Si
concentrations exhibited significantly enhanced (P ≤ 0.05) levels of VEGF expression
compared to normoxia on day 1 (P ≤ 0.0001) with hypoxia having the highest VEGF
production. On day 7, the reverse was recorded whereby Si caused a decreased
expression of VEGF. On day 7, hypoxia also had the maximum VEGF levels (Figure
4.3).
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*

**

**

Figure 4.3 – Angiogenic response in Si treated osteoblasts on day 1 and 7. On day 1, all Si
concentrations showed significantly increased (P ≤ 0.05) VEGF production compared to normoxia.
However, on day 7, normoxia displayed elevated level of VEGF compared to Si conditions. Hypoxia
had the highest VEGF production level on both days. Normoxia exhibited higher VEGF level than all
Si concentrations on day 7. Values are mean ± SD; n= 3. **** P £ 0.0001, *** P ≤ 0.001, ** P ≤ 0.01
and * P ≤ 0.05

4.4.4 The Effect of Si on Osteoblast Differentiation (ALP
Production)
To determine if Si affect the osteoblasts differentiation, ALP activity was measured.
Hypoxia completely inhibited ALP activity up to 21 days (P ≤ 0.0001) (Figure 4.4a).
If ECM production can be measured by total protein production, it’s interesting to note
that hypoxia inhibited protein production, but Si did not cause significant differences
to untreated cells cultured in normoxia (Figure 4.4b). Interestingly Si 0.5 and 1mM
increased ALP activity (total activity and per unit of protein) compared to untreated
normoxic controls on day (P ≤ 0.0001) (Figure 4.4c). Osteoblasts cultured in Si 0.5
had the highest ALP production which was almost double that of untreated normoxic
controls. A Si concentration dependant effect on ALP production was observed,
osteoblasts cultured in 2mM Si inhibited ALP production at all time points apart from
day 7.
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Figure 4.4 – ALP activity of Si treated osteoblasts. a) Hypoxia inhibited ALP activity over 21 days.
Normoxia, Si 0.5 and 1mM exhibited increased ALP activity compared with that of hypoxia and Si
2mM. b) Hypoxia exhibited relatively similar protein content over 21 days. Si 2mM produced the
highest protein content on day 21. c) Normoxia, Si 0.5 and 1mM increased ALP activity/protein up to
21 days with Si. Values are mean ± SD; n= 4. **** P £ 0.0001, *** p £ 0.001

4.4.5 The Effect of Si on Bone Nodule Formation
To assess if Si affects mineralisation, we next examined bone nodule formation in
presence of Si for 21 days. Osteoblasts cultured in all concertation of Si (0.5, 1 and
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2mM) were capable of forming bone and a concentration-dependant effect was
observed (Figure 4.5). Alizarin Red calcium imaging demonstrated that all Si
concentrations exhibited dense, dark red nodules with defined borders SEM
micrographs revealed that the nodules formed from Si treated osteoblasts were raised
from the surface and had a smooth surface similar to normoxia and in contrast to those
formed in hypoxia as compared to hypoxia. All Si concentrations displayed quite
similar percentage of the surface covered with the nodules (Figure 4.5a-d). However,
the maximum height of the nodules in Si 2mM was significantly decreased compared
to that of Si 0.5mM (Figure 4.5e).

Figure 4.5 – Bone nodule formation by calvarial osteoblasts cultured with Si. Optical microscopy (left),
Alizarin Red calcium staining, SEM and cell culture plate scanned images of bone nodules formed with
Si treated osteoblasts. Si at concentrations between 0.5-2mM did not inhibit bone nodule formation.
However, bone nodule formation was decreased in Si 2mM. All Si treated osteoblasts exhibited dense
nodules raised from the surface of the culture. While, Si 2mM formed smaller nodules.
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Figure 4.6 – Quantification of bone nodules cultured with Si a) Si 0.5mM, b) Si 1mM and c) Si 2mM
d) Si 0.5mM covered %17.59 ± 3.75 of surface (36mm2) with nodules higher than 30µM. Si 1 and
2mM covered %14.23 ± 0.24 and %13.74 ± 2.54 of surface with nodules, respectively. e) Si 0.5mM
with maximum nodule height of 81.59 ± 10.74µm exhibited the highest maximum height of the nodules.
Si 1 and 2mM possessed maximum height of 68.72 ± 5.8 and 58.48 ± 8.96, respectively. Values are
mean ± SD, n=3. (P value not significant)
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TEM micrographs showed mineralised nodules formed in all concentrations of Si
(Figure 4.7a-f); however, the mineralised structures seemed to covered larger area and
denser in Si 0.5 and 1mM compared with Si 2mM. Osteoblasts in all conditions were
embedded within a fibrous ECM where collagen fibrils were observed (Figure 4.7b,g).
The mineralised structures in all conditions were extracellular.

Figure 4.7 – TEM micrographs of cross-section through nodules in a,b) Si 0.5mM b,c) Si 1mM and e,f)
Si 2mM. a) Si 0.5mM exhibited osteoblasts (OB) embedded within a fibrous ECM compromised of
mineralised nodules (MN) and collagen fibrils (COL). b) Collagen banding was observed (red arrows)
in Si 0.5mM. c,d) Mineralised nodules and collagen fibrils were also detected in osteoblasts treated
with Si 1mM. e,f) Si 2mM exhibited mineralised nodules and collagen formation but the nodules were
less dense and smaller nodules compared with other Si concentrations.
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DDC-SEM of the nodules formed in Si 0.5 (Figure 4.8a) and Si 1mM (Figure 4.8b)
displayed dense mineralised structure (red) distributed across a matrix (green). The
dense areas were spread smooth all over nodules in both conditions. However, the
darker red in Si 1mM might suggest denser nodule structure in this condition
compared with Si 0.5mM.

Figure 4.8 – DDC-SEM of the nodules formed in a) Si 0.5mM and b) Si 1mM. Both Si concentrations
showed compact red mineralised areas distributed all over nodule on top a green matrix.

Both Si 0.5 and 1mM exhibited crystalline non-substituted hydroxyapatite near 963
cm-1. Si 0.5mM exhibited similar (P > 0.05) degree of crystallinity to Si 1mM (similar
FWHM). Bot Si conditions exhibited significantly higher (P ≤ 0.0001) degree of
crystallinity compared to hypoxia and similar degree of crystallinity to normoxia. Si
0.5mM revealed similar mineral to matrix ratio to normoxia and native bone.
However, Si 1mM displayed decreased mineral to matrix ratio (P ≤ 0.0001).
Carbonate to matrix ratios of Si 0.5 and 1mM were similar to normoxia (Figure
4.9a,b).
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Mineral to
matrix ratio

Carbonate to
phosphate ratio

Native bone
(Rat calvaria)
(n=31)

960.12 ± 0.03

28.06 ± 0.89

8.50 ± 0.04

0.21 ±0.03

Normoxia
(n=25)

960.12 ± 0.02

21.48 ± 0.388

7.14 ± 0.43

0.12 ± 0.11

Si 0.5mM
(n=15)

963.05 ± 0.13

** **

7.18 ± 0.03

0.11 ± 0.01

**

Si 1mM
(n=15)

964.71 ± 0.11

** **

5.50 ± 0.03

0.11 ± 0.01

**

20.69 ± 0.04

** **

20.42 ± 0.06

**

Phosphate peak
FWHM (cm-1)

***

Phosphate peak
position

** **

Samples

** **

b

Figure 4.9 – Baselined-corrected Raman spectra of rat calvarial native bone and osteoblasts treated Si
0.5 and 1mM. a) All spectra were marked for phosphate P-O bending n4 (PO43- n4), phosphate P-O
stretching n1 (PO43- n1), carbonate C-O n1 (CO32- n1), Amide III, CH2 deformation, Amide I. b) Table
detailing the phosphate peak parameters and mineral properties. Values are mean ± SD. **** P £
0.0001, *** P £ 0.001

4.4.6 The Effect of 0%CoBG on Bone Nodule Formation
As mentioned in section 5.3. Dissolution products of BGs at concentration of 1.5mg/mL completely
inhibited nodule formation (Figure 4.10). Thereby, the effect of different dilutions of CoBGs were
examined to find out the non-toxic range of CoBGs. Despite hypoxia that sharply increased metabolic
activity up to day 3 and then decreased significantly (P ≤ 0.0001). Normoxia, (0.5Si)0%CoBG,
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(1Si)0%CoBG and (2Si)0%CoBG progressively increased metabolic activity up to day 21 (

Figure 4.11a). (0.5Si)0%CoBG exhibited similar (P > 0.05) metabolic activity to normoxia on day 21.
While, (1Si)0%CoBG and (2Si)0%CoBG had significantly lower (P ≤ 0.0001) metabolic activity than
normoxia on day 21. Hypoxia increased cell number (total DNA) up to day 3 and then decreased; while
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the decrease in normoxia and 0%CoBGs started from day 7 and 14, respectively (

Figure 4.11b). On day 14, all 0%CoBG concentrations showed significantly increased
(P ≤ 0.0001) cell number compared to normoxia. While, on day 21, all conditions
displayed similar (P > 0.05) cell number.
Normoxia and all 0%CoBG conditions revealed similar (P > 0.05) metabolic activity per unit DNA
from day 1 to day 7. However, normoxia exhibited significant increase compared to 0%CoBGs from
day 7 onwards and 0%CoBGs increased metabolic activity/cell from day 14. Hypoxia had significantly
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higher

metabolic

activity/cell

compared

to

normoxia

over

21

days

(

Figure 4.11c). Moreover, 0%CoBG treated osteoblasts exhibited reasonably similar (P > 0.05)
proliferation rate to normoxia up to day 7, significantly increased (P ≤ 0.0001) on day 14 and then again
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similar

on

day

21

(

Figure 4.11d). Hypoxia also revealed similar proliferation rate to all other conditions
on day 21.
1%CoBG

4%CoBG

Non-stained

0%CoBG

200µm

200µm

200µm

200µm

200µm

Stained

200µm

Figure 4.10 Progressive inhibition of nodule formation in 0%, 1% and 4%CoBG. Optical microscopy
and Alizarin Red calcium staining images of osteoblasts treated with dissolution products of CoBG in
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a-MEM (1.5mg/mL) after 21 days revealed that all compositions of CoBGs, even with no cobalt,
inhibited bone nodule formation.

Figure 4.11 – Effect of 0%CoBG on osteoblast metabolic activity and proliferation. a) Unlike hypoxia
that decreased metabolic activity from day 3, all other conditions continuously increased metabolic
activity. Normoxia and (0.5Si)0%CoBG exhibited enhanced metabolic activity compared to all other
conditions. b) All 0%CoBGs showed increased cell number compared to normoxia and hypoxia on day
14.; however, no difference was observed between all conditions on day 21. c) 0%CoBG treated cells
showed very similar metabolic activity per cell between days 1 and 21. Normoxia considerably
enhanced metabolic activity per cell from day 7. All 0%CoBG concentrations increased metabolic
activity per cell from day 14. d) Hypoxia significantly increased proliferation rate up to day 3 followed
by a sharp decrease. All 0%CoBG treated conditions showed increased proliferation rate compared to
normoxia on day 14. (Values are mean ± SD; n= 5. **** P £ 0.0001, *** P £ 0.001

4.4.7 The effect of 0%CoBG on Angiogenic Response
To identify any changes in angiogenic response of 0%CoBG treated osteoblasts, we
measured VEGF expression using ELISA. On day 1, hypoxia and (0.5Si)0%CoBG
significantly increased (P ≤ 0.0001, P ≤ 0.05) VEGF production in comparison to
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normoxia (Figure 4.12). On day 7, normoxia produced higher level of VEGF than all
0%CoBGs (P ≤ 0.0001). On both days, hypoxia exhibited the highest VEGF
expression. Among 0%CoBG treatments, (0.5Si)0%CoBG revealed slightly increased
VEGF production on both day 1 and day 7 compared to (1Si)0%CoBG and
(2Si)0%CoBG.

*

Figure 4.12 – Angiogenic response in 0%CoBG treated osteoblast after 1 and 7 days. Hypoxia
expressed the highest level of VEGF on both day 1 and day7. Moreover, 0%CoBGs initially showed
improved VEGF production compared to normoxia but on day 7, normoxia produced higher levels of
VEGF than all 0%CoBG concentrations. Values are mean ± SD; n= 3. **** P £ 0.0001, * P ≤ 0.05

4.4.8 The Effect of 0%CoBG on ALP Activity
To determine if 0%CoBG affect osteoblast differentiation, we investigated ALP
activity. Unlike hypoxia that did not exhibit any ALP activity over 21 days, normoxia
and (0.5Si)0%CoBG progressively increased ALP activity between days 1 and 21
(Figure 4.13a). Fairly similar (P > 0.05) ALP activity was observed in both normoxia
and all 0%CoBGs over 21 days. (0.5Si)0%CoBg revealed higher ALP activity than
other 0%CoBGs over the observation period.
Moreover, hypoxia produced the lowest levels of protein content from day 7 to day 21
(Figure 4.13b). Normoxia and (0.5Si)0%CoBG showed quite similar (P > 0.05)
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protein content from day 7 to day 21. Normalised ALP activity over protein content
revealed that 0%CoBGs showed significantly higher levels of ALP activity (P ≤
0.0001) than normoxia on day 7 and similar ALP activity to normoxia on day 14 and
day 21 (Figure 4.13c).

**
**

*

*
* *

**
**
**
*

**

*

**

**

* *

Figure 4.13 – ALP activity and protein content of 0%CoBG treated osteoblasts after 21 days. a) Hypoxia
did not show any ALP production over the observation period. Normoxia and (0.5Si)0%CoBG
continuously increased ALP activity and exhibited similar ALP activities. b) Normoxia and
(0.5Si)0%BG did not exhibit difference in protein content from day 7 to day 21. c) Normalised ALP
activity over protein content showed that hypoxia did not produced significant amounts of ALP.
However, normoxia and (0.5Si)0%CoBG continuously increased ALP activity per unit protein and
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exhibited fairly similar values (apart form day 7). Values are mean ± SD; n= 4. **** P £ 0.0001, ***
P ≤ 0.001, ** P ≤ 0.01 and * P ≤ 0.05

4.4.9 The Effect of 0%CoBG on Bone Nodule Formation
Following assessment of the effect of 0%CoBG on earlier stages of bone regeneration,
we sought to examine the role of 0%CoBG on bone nodule formation. All 0%CoBG
treated conditions formed bone nodules, however, the size of the nodules was
decreased with increasing Si content in the glass composition (Figure 4.14). Alizarin
Red staining also confirmed presence of calcium in all nodules. The bright red colour
in (1Si)0%CoBG and (2Si)0%CoBG might suggest the less dense structure of nodules
in these conditions compared with (0.5Si)0%CoBG (dark red). SEM micrographs also
revealed that the nodules formed in all conditions were raised from the surface.
However, less nodules were observed in (2Si)0%CoBG.

Figure 4.14 – Optical microscopy, Alizarin Red, SEM and scanned images of osteoblasts treated with
0%CoBG. All 0%CoBG concentrations with Si range between 0.5-2mM showed bone nodule
formation. While, the nodules seemed to be smaller in (2Si)0%CoBG compared with other conditions.
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Alizarin Red calcium staining showed less dense nodules (bright red) in (1Si)0%CoBG and
(2Si)0%CoBG compared with (0.5Si)0%CoBG (dark red structures). SEM micrographs revealed
nodules which are higher than the culture surface. The nodules were more visible in SEM micrographs
of (0.5Si)0%CoBG compared with other two conditions. scanned images of cell culture wells also
showed presence of nodules in all concentrations of 0%CoBG.

No significant difference (P >0.05) was observed between the amount and the height
of nodules among different 0%CoBGs concentrations (Figure 4.15a-e).

Figure 4.15 – Quantification of nodules formed in 0%CoBG a) (0.5Si)0%CoBG. b) (1Si)0%CoBG. c)
(2Si)0%CoBG. Both concentrations of 0%CoBGs exhibited quite similar (P > 0.05). d) surface covered
with nodules and e) maximum nodule height. Values are mean ± SD; n=3.

127

TEM examinations revealed that dense mineralised nodules were formed in
(0.5Si)0%CoBG (Figure 4.16a,b) and (1Si)0%CoBG (Figure 4.16c,d). However,
(2Si)0%CoBG exhibited smaller and dissociated mineralised structures mainly
formed intercellularly (Figure 4.16e,f). In all 0%CoBG concentrations a fibrous ECM
encompassing fibrillar collagen network was detected. Osteoblasts were also
embedded within a mineralised ECM in all conditions. Collagen banding was
observed in (0.5Si)0%CoBG (Figure 4.16b-red arrows).

Figure 4.16 – TEM micrographs of 0%CoBG treated osteoblasts. a,b) (0.5Si)0%CoBG. c,d)
(1Si)0%CoBG e,f) (2Si)0%CoBG. All conditions exhibited osteoblast (OB) embedded within an ECM
and mineralised nodules (MN). Oriented collagen (COL) fibrils were also detected in all concentrations
of 0%CoBG. Unlike (0.5Si)0%CoBG and (1Si)0%CoBG that showed dense and large nodules, nodules
in (2Si)0%CoBG were considerably smaller, dissociated and located intercellularly.
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Both (0.5Si)0%CoBG (Figure 4.17a). and (1Si0%CoBG) (Figure 4.17b). exhibited
dense mineralised areas (red) on top a green matrix However, in (1Si0%CoBG) the
mineralised structure seemed to be less dense (bright red/orange) and more area had
been covered with the green matrix compared with that of (0.5Si)0%CoBG. This
suggested that the dense areas in (0.5Si)0%CoBG had been spread smooth all over the
nodule on top of an ECM.

Figure 4.17 – DDC-SEM of mineralised structures formed from osteoblasts treated with 0%CoBG. a)
(0.5Si)0%CoBG exhibited compact red mineralised structures distributed all over nodule on top the
ECM (green). b) (1Si)0%CoBG formed less dense (bright red/orange) nodule compared with that of
(0.5Si)0%CoBG.

Both (0.5Si)0%CoBG and (1Si)0%CoBG exhibited crystalline non-substituted
hydroxyapatite near 963 and 964 cm-1, respectively, which is in accordance with the
results from Si 0.5 and 1mM. Both 0%CoBGs exhibited the highest degree of
crystallinity compared to Si, normoxia an native bone. (0.5Si)0%CoBG had the lowest
mineral to matrix ratio among all Si and Si-BG conditions. While, (1Si)0%CoBG
exhibited similar mineral to matrix ratio to normoxia. (0.5Si)0%CoBG, however,
showed similar carbonate to phosphate ratio to native bone (Figure 4.18).
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Figure 4.18 – Baselined-corrected Raman spectra of osteoblasts treated with (0.5Si)0%CoBG and
(1Si)0%CoBG. a) All spectra were marked for phosphate P-O bending n4 (PO43- n4), phosphate P-O
stretching n1 (PO43- n1), carbonate C-O n1 (CO32- n1), Amide III, CH2 deformation, Amide I. b) Table
detailing the phosphate peak parameters and mineral properties. Values are mean ± SD. **** P £
0.0001, *** P £ 0.001

4.4.10 The Effect of 1%CoBG on Metabolic Activity and
Proliferation
To determine if controlled release of cobalt from BG will have the same effect as
cobalt (chapter 3) on metabolic activity and proliferation, alamarBlue and total DNA
quantification assays were performed. Hypoxia significantly increased (P ≤ 0.0001)
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metabolic activity up to day 3 and then sharply decreased (Figure 4.19a). Both
(12.5)1%CoBG and (25)1%CoBG exhibited similar (P > 0.05) metabolic activity to
normoxia over 21 days. The reduced metabolic activity in (50)1%CoBG in
comparison to other (12.5)1%CoBGs is in accordance with our findings about cobalt
toxic concentration (50µm) in chapter 3. Hypoxia and (50)1%CoBG revealed quite
similar cell number from day 3 onwards (Figure 4.19b). Whereas, normoxia and
(12.5)1%CoBG decreased cell number from day 7 and in (25)1%CoBG it occurred
from day 14. On day 21, (12.5)1%CoBG and (25)1%CoBG displayed significantly (P
≤ 0.001) higher cell number compared to both normoxia and hypoxia. Unlike
normoxia that increased metabolic activity/ cell from day 7, all other conditions did
not exhibit significant differences over 21 days (Figure 4.19c). Moreover,
(12.5)1%CoBG and (25)1%CoBG showed significantly (P ≤0.0001) increased
proliferation rate compared with normoxia from day 14 onwards (Figure 4.18d).
(25)1%CoBG possessed the highest proliferation rate between days 14 and 21 level.

Figure 4.19 – Effect of 1%CoBG on metabolic activity and proliferation of osteoblasts. a) All
concentrations of 1%CoBG exhibited increased metabolic activity compared with hypoxia after day 7.
Both (12.5)1%CoBG and (25)1%CoBG displayed similar metabolic activity to normoxia up to day 21.
b) (25)1%CoBG showed the highest cell number after 21 days. hypoxia significantly decreased
proliferation after day 3 (P ≤ 0.001). c) Normoxia that progressively increased metabolic activity per
cell from day 7, while hypoxia and both concentrations of 1%CoBG did not show significant changes
over the stated period. d) (12.5)1%CoBg and (25)1%CoBG exhibited significantly enhanced
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proliferation rate compared normoxia from day 7 and 14, respectively. Values are mean ± SD; n= 5.
**** P £ 0.0001, *** P £ 0.001

4.4.11 The Effect of 1%CoBG on Angiogenic Response
VEGF expression was measured to assess the role of 1%CoBG in angiogenesis. Both
concentrations of 1%CoBG exhibited significant increase (P ≤ 0.01) compared to
normoxia on day 1 and surprisingly significant decrease on day 7 (P ≤ 0.001) (Figure
4.20). Hypoxia displayed the highest level of VEGF expression on both day 1 and day
7.

**

**

Figure 4.20 – Angiogenic response in 1%CoBG treated cells. Both 1%CoBGs showed increased VEGF
production compared with normoxia on day 1. However, on day 7 normoxia showed enhanced VEGF
production. On both days, hypoxia produced the highest levels of VEGF. Values are mean ± SD; n= 3.
**** P £ 0.0001, *** P £ 0.001, ** P ≤ 0.01

4.4.12 The Effect of 1%CoBG on ALP Activity
To determine the effect of 1%CoBG on osteoblasts differentiation, ALP activity was
measured. (12.5)1%CoBG showed significantly (P ≤ 0.001) higher ALP activity than
normoxia on day 7 (Figure 4.21a) and similar ALP activity from day 7 onwards.
(25)1%CoBG also revealed similar ALP activity to normoxia on day 14 and 21.
Hypoxia did not exhibit ALP activity over the observation period. (50)1%CoBG did
not show considerable changes over 21 days. Normoxia showed increased (P ≤ 0.001)
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protein content compare to all conditions over 21 days (Figure 4.21b). (12.5)1%CoBG
showed similar protein content to normoxia from day 1 to day 14. However, normoxia
significantly (P ≤ 0.0001) increased protein content on day 21 compared to all other
conditions. Normalised ALP activity over protein content revealed that only on day 1,
(12.5)1%CoBG exhibited significantly enhanced (P ≤ 0.0001) ALP activity per unit
protein compared to normoxia (Figure 4.21c).

**
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Figure 4.21 – ALP activity and protein content in 1%CoBG treated osteoblasts. a) Normoxia and
(12.5)1%CoBG and (25)1%CoBG revealed fairly similar ALP activities on day 14 and 21b) Normoxia
progressively increased protein content up to day 21 and showed the highest protein content on day 21.
c) (12.5)1%CoBG displayed increased ALP activity per unit protein compared with other conditions
on day 7. Values are mean ± SD; n= 4. **** P £ 0.0001, *** P £ 0.001, ** P ≤ 0.01

4.4.13 1%CoBG and Bone Nodule Formation
To assess if 1%CoBG affects mineralisation, the role of 1%CoBG in bone nodule
formation was investigated. (12.5)1%CoBG and (25)1%CoBG formed nodules;
however, more dense nodules were observed in (12.5)1%CoBG compared to
(25)1%CoBG (Figure 4.22). Moreover, bright red colour from Alizarin Red staining
also confirmed presence of less compact mineralised nodules in (25)1%CoBG.
Moreover, (50)1%CoBG did not exhibit any nodule formation signs which might be
associated with cobalt toxicity at 50µM concentrations (refer to Chapter 3 for details).
SEM micrographs also revealed that nodules in (12.5)1%CoBG and (25)1%CoBG are
raised from the surface of the culture.

Figure 4.22 – Optical microscopy, Alizarin Red, SEM and well scanned images of osteoblasts treated
with 1%CoBG. Although, (50)1%CoBG inhibited bone nodule formation, (12.5)1%CoBG and
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(25)1%CoBG formed widespread nodules. The nodules formed in (12.5)1%CoBG were denser
compared with the ones in (25)1%CoBG. Alizarin Red staining also revealed presence of calcium in
both conditions; however, the brighter red shade in (25)1%CoBG suggested the less compact structures.

(12.5)1%CoBG covered %11.17 ± 0.91 of surface with nodules which are higher than
30µm. While, (25)1%CoBG only covered %8.3 ± 0.87 of surface (Figure 4.23). Thus,
(12.5)1%CoBG covered significantly higher (P ≤ 0.05) percentage of the surface with
nodules. Moreover, (12.5)1%CoBG exhibited similar (P > 0.05) maximum nodule
height to nodules formed in (25)1%CoBG.

*
Figure 4.23 –Quantification of nodules formed in 1%CoBG. a) (12.5)1%CoBG. b) (25)1%CoBG. Both
conditions exhibited similar amount and maximum height of nodules. Values are mean ± SD; n= 3. P
≤ 0.05)
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Osteoblasts embedded within a mineralised ECM were observed in both
(12.5)1%CoBG and (25)1%CoBG. However, (12.5)1%CoBG showed more dense
mineralised nodules (Figure 4.24a,b), while (25)1%CoBG exhibited smaller and
dissociated nodules with different morphology to (12.5)1%CoBG (Figure 4.24c,d).
Moreover, more compact collagen fibre bundles were detected in (12.5)1%CoBG
compared with (25)1%CoBG.

Figure 4.24 – TEM micrographs of osteoblasts treated with 1%CoBG after 21 days. a,b) (12.5)1%CoBG
exhibited osteoblasts (OB) embedded within an ECM and mineralised nodules (MN). Oriented collagen
(COL) fibrils were also observed in this condition. c,d) (25)1%CoBG formed mineralised nodules with
distinct morphology compared to (12.5)1%CoBG. Osteoblasts (OB) embedded within a mineralised
ECM were also observed in this condition.

Interestingly, (12.5)1%CoBG showed similar B-type carbonate substituted apatite
near 960 cm to 12.5µM cobalt, normoxia and native bone. However, (12.5)1%CoBG
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exhibited higher degree of mineralisation compared to cobalt 12.5µM, normoxia and
native bone. Mineral to matrix ration was the lowest in (12.5)1%CoBG and carbonate
to phosphate ration was quite similar to native bone (Figure 4.25).

Mineral to
matrix ratio

Carbonate to
phosphate ratio

Native bone
(Rat calvaria)
(n=31)

960.12 ± 0.03

28.06 ± 0.89

8.50 ± 0.04

0.21 ±0.03

Normoxia
(n=25)

960.12 ± 0.02

21.48 ± 0.388

7.14 ± 0.43

0.12 ± 0.11

Hypoxia
(n=15)

962.08 ± 0.01

20.31 ± 0.045

6.62 ± 0.03

0.13 ± 0.01

**

Cobalt 12.5
(n=15)

960.01 ± 0.01

28.81 ± 0.89

7.15 ± 0.03

0.12 ± 0.01

**

(12.5)1%CoBG
(n=15)

960.9 ± 0.03

16.56 ± 0.01

** **

***
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**
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4.05 ± 0.0

0.24 ± 0.00

Figure 4.25 – Baselined-corrected Raman spectra of osteoblasts treated with cobalt 12.5µM and
(12.5)1%CoBG. a) All spectra were marked for phosphate P-O bending n4 (PO43- n4), phosphate P-O
stretching n1 (PO43- n1), carbonate C-O n1 (CO32- n1), Amide III, CH2 deformation, Amide I. b) Table
detailing the phosphate peak parameters and mineral properties. (Values are mean ± SD. **** P £
0.0001, *** p £ 0.001

4.4.14 Comparison of the nodules formed in Si, Si-BG and Si-CoBG
Hypoxia inhibited bone nodule formation and resulted in dystrophic mineralisation;
however, Si, Si-BG and Si-CoBG formed widespread compact bone nodules (Figure
4.26). All nodules formed in these conditions were stained positive for calcium.
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Hypoxia also exhibited less compact bright red calcium staining which means that the
type of mineralisation differed between hypoxia and all other conditions cultured in
normoxia. Nodules formed in normoxia, Si, Si-BG and Si-CoBG were raised from the
surface of the culture confirmed by SEM micrographs.

Figure 4.26 – Comparison of the bone nodules formed in hypoxia, normoxia, Si, Si-BG and Si-BG with
cobalt. Optical microscopy, Alizarin Red calcium staining, SEM and cell well scanned images revealed
that despite hypoxic condition that inhibited bone nodule formation and exhibited dystrophic
mineralisation, normoxia, Si, Si-BG and Si-BG with cobalt formed widespread nodules. Calcium
staining also confirmed presence of calcium in all conditions including hypoxia; however, the shade
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and shape of the red revealed the difference between types of mineralisation. All nodules were raised
from the surface.

No difference (P > 0.05) was observed in percentage of the surface covered with
nodules (above 30µm) of normoxia, Si 0.5mM and (0.5Si)0%CoBG (Figure 4.27a).
However, Si 0.5mM exhibited significantly increased (P ≤ 0.05) maximum nodule
height compared to all other conditions (Figure 4.27b).

*

*

***

Figure 4.27 – Quantification and comparison of the nodules formed in osteoblasts treated with
normoxia, hypoxia, Si, Si-BG and Si-BG with cobalt. a) All conditions except (12.5)1%CoBG covered
similar percentage of area with mineralised structures and b) Si 0.5mM exhibited increased maximum
nodule height compared to all conditions. Values are mean ± SD; n= 3. **** P £ 0.0001
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4.5 Discussion
Summary:
Cobalt releasing silicate bioactive glasses were successfully manufactured. Increased
cobalt Mol% within the glass influenced the release of other ions (Si, P) indicating
that cobalt influences the glass network and that controlled release of cobalt is
possible. This chapter presented the first quantification and biochemical
characterisation of bone nodules using different amounts of Si, Si-based BGs (with
the same composition as 45S5 Bioglass®) and CoBGs.
Si increased VEGF production by osteoblasts (day 1) and at concentrations above
2mM, appeared to have an inhibitory effect on bone nodule formation with optical
images revealing a reduction in the size of nodules. A similar pattern was observed
with Si-based CoBGs although morphological quantification did not reveal any
significant differences in terms of height or area covered.
This chapter also, for the first time, demonstrated CoBG concentration dependent
effect on bone nodule formation. CoBG inhibited bone nodule formation above 50µM;
however, 12.5 and 25µM did not show any inhibitory effects. Prolonged exposure to
CoBG and therefore (assumed) HIF stabilisation over 21 days may not be desirable
delivery approach considering the native fracture repair and duration of HIF
stabilisation in vivo (~7 days). Further determination of the role of Si and cobalt in the
bone extracellular matrix and within the cells is needed.

4.5.1 Controlled Cobalt release from BG
In a similar manner to the previously published papers cobalt was released from BGs
dependent upon the Mol% within the glass. , both 1% and 4% CoBG released cobalt
ions in the biological relevant range of 3-12 ppm (~50-203µM) [269, 534]. Addition
of cobalt significantly decreased the release of Si which might be due to the role of
cobalt within the glass network. Cobalt might enter the silicate network as an
intermediate oxide or as a network former (Si) and thereby change the network
properties and ion release rates.
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4.5.2 BG-induced inhibitory effect on bone nodule formation
The dissolution products of all compositions of BG (including the control with the
same composition of 45S5 Bioglass®) inhibited bone nodule formation. This
contradictory to many papers that have reported that Bioglass® and other Si-BGs
promote bone formation both in vivo [535, 536] and promoted favourable bone
regeneration properties in vitro including promoting BMSC bone cell differentiation
[251, 524, 533], osteoblast-like cell proliferation [537, 538]. A closer inspection of
the methodologies of these papers, however, reveals that they either pre-incubated BG
particles/scaffolds with media (and then replaced the media after 24hours) to prevent
burst ion release from the BGs and the consequent change in pH and/or diluted the BG
conditioned media. This includes the Tsigkou et al. (2009) paper[539], (one of the
only published papers to report an increase in quantified bone nodule formation
following the addition of 45S5 Bioglass® dissolution products in vitro) who diluted
the dissolution products in DMEM to reach a Si concentration of 15 & 20µg/ml .
A compounding issue when comparing the literature on the effect of bioactive glasses
(and Si ions) on bone formation, is the limited characterisation and quantification
performed on the bone nodule formation in vitro. This is true for both the bioceramic
field and the wider tissue engineering community. In the few bioceramic studies that
report increased bone nodule formation in vitro [538, 539],characterisation is
performed using Alizarin Red staining and semi-quantitative analysis of bone nodules
(microscopic counting of nodules). Both methods are not convincing. Alizarin Red
stains for calcium which could be due to spontaneous apatite formation caused by the
addition calcium and phosphate to media which already contains these ions. Indeed, a
recent report demonstrated that similar Alizarin Red staining was present after 28 days
SaOs-2 culture to quantify bone nodule formation. Gentleman et al. (2009)[246],
demonstrated the importance of biochemical characterisation of bone nodules,
whereby Considering there has been over 25 years since Hench reported on his
discovery on 45S5 Bioglass®, the paucity of convincing evidence to demonstrate
increased bone nodule formation in vitro on these or similar bioceramics is surprising
and may reflect the difficulties in finding a suitable model or the importance of
controlled ion release [540].
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Considering the inhibitory effects of undiluted BG conditioned media a similar
approach to the Tsigkou paper [539] was adapted in this chapter whereby 0%CoBG
was diluted to keep the Si concentration in a range between 14-56 ppm (0.5-2mM)
(according to Table 5.2 Si has been reported to only initiate osteogenesis between
concentration of 15 and 30 ppm [526]. Therefore, and find out whether Si at
concentration above 30 ppm could inhibit osteogenesis. Moreover, 1%CoBG was also
diluted according to Table 5.3 to lower the cobalt content and match the cobalt range
investigated in Chapter 3 (12.5,25 and 50µM). The effect of dissolution products of
4%CoBG was not investigated due to high dilution levels (~20-times) to achieve nontoxic cobalt range which means that other ions’ levels would have been very
insignificant.

4.5.3 How do Si, 0%CoBG and 1%CoBG affect metabolic activity
and proliferation?
BG dissolution products not only release Co in to the conditioned medium but also
other ions such as Si, Ca, Na and P. As also mentioned in the previous section, among
these ions, Co and Si have been reported to significantly affect cell viability and
proliferation [525, 541]. Metabolic activity and proliferation of Si, 0%CoBG and
1%CoBG were measured to find out the optimum concentration range for BGs in order
to maintain osteoblasts viability and proliferation, allow release of sufficient amounts
of ions such as Si and Co to promote bone regeneration. All concentrations of Si, BG
and CoBG exhibited improved metabolic activity compared to hypoxia (as also
mentioned in previous chapter, hypoxia considerably affects osteoblast metabolic
activity). Under normoxic condition, pyruvate, a product of glycolysis, oxidises to
H2O and CO2 via mitochondrial oxidative phosphorylation. However, in low oxygen
levels, pyruvate becomes reduced to lactate [542]. These changes in metabolism are
regulated via HIF pathway [543, 544]. All concentrations of Si, (12.5)1%CoBG and
(25)1%CoBG showed increased cell number and proliferation rate compared to
normoxia which corroborates a previous study by Valerio et al. (2004) which showed
that Si-based BG dissolution products increases osteoblasts proliferation [545]. Si
internalisation (uptake by cells) may be the reason of increased proliferation. A study
by Calomme et al. (1997) has reported increased proliferation in fibroblasts (cells with
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similar embryologic origin to osteoblasts) as a result of Si internalisation without
detectable cell damage [546].

4.5.4 The effect of Si, 0%CoBG and 1%CoBG on angiogenic
response
Si and Si-based BGs (e.g. 45S5BG) have been reported to promote VEGF expression
and angiogenesis both in vivo and in vitro [547-550]. As VEGF is an indicator of HIF1a stabilisation, VEGF expression in 1%CoBG suggests that CoCl2 have stabilised
HIF-pathway [376]. On both days 1 and 7, hypoxia revealed the highest amount of
VEGF among all conditions which confirms HIF-1a stabilisation. However, in this
study, we did not observe significant changes in VEGF levels of all conditions from
day 1 to day 7. Moreover, all concentrations of Si, 0%CoBG and 1%CoBG exhibited
increased VEGF production compared with control (normoxia) only on day 1 and
normoxia produced higher VEGF levels on day 7 which might be due to slight
compositional differences between our glass and other glass types been used in other
studies or the cell type differences.

4.5.5 The effect of Si, 0%CoBG and 1%CoBG on ALP activity
All concentrations of Si, 0%CoBG and 1%CoBG exhibited improved ALP activity
compared to hypoxia. ALP activity was hardly detectable under hypoxic condition
which corroborates the research by Utting et al. (2006) ALP did not alter significantly
in presence of Si 0.5mM, Si1mM, (12.5)1%CoBG and (25)1%CoBG compared to
normoxia which is in accordance with previous studies [545, 551, 552]. Whereas, all
concentrations of 0%CoBG exhibited reduced ALP activity compared to normoxia, Si
and 1%CoBGs which might be due to Ca release which was only detected in this glass
(Table 5.2). Our data are consistent with the general hypothesis that presence of
calcium inhibits ALP activity [553, 554]. Calcium accumulation/uptake by matrix
vesicles has been reported to cause the denaturation of ALP enzyme as a result of
blocking protease inhibitors activity. Protease inhibitors protect ALP from losing
activity during mineralisation. These findings also confirm presence of ALP at the site
of matrix vesicle during mineralisation[555].
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4.5.6 How do biologically relevant range of Si, 0%CoBG and
1%CoBG affect bone nodule formation?
Not only Si at concentrations of 0.5,1 and 2mM did not inhibit bone nodule formation
but also Si 0.5mM exhibited increased bone formation compared with normoxia
(Figure 4.29) which may be associated with the increased collagen production in Si
treated cells. Silicon has been reported to increase collagen type I production in
presence of BG60S dissolution products [545] However, the precise mechanism is
still unclear. One hypothesis is regulation of prolyl hydroxylase (PHD) activity, an
essential enzyme for collagen crosslinking, by silicon [551]. Silicon has also been
reported

to

prevent

collagen

enzymatic

degradation

via

binding

to

glycosaminoglycans and enable its crosslinking with collagen and therefore collagen
stabilisation [556]. It has been shown that fibroblasts (a cell with similar embryologic
origin to osteoblast) internalise silicon without detectable cell damage [546]. This
internalisation might be involved in increased proliferation, collagen production.
Nodules formed in Si 0.5mM also exhibited taller nodules compared with other
conditions (Figure 4.29). Si at concentrations of 1 and 2mM exhibited decreased bone
formation compared with that of Si 0.5mM (Figure 4.6). Moreover, all concentrations
of diluted 0%CoBGs with Si of content 0.5, 1 and 2mM also formed widespread
nodules (Figure 4.15). Therefore, it can be concluded that the inhibitory effect
observed in osteoblasts treated with non-diluted 0%CoBG was associated with high
Si content in the glass network. These findings are in accordance with previous
findings about Si range for osteogenesis of 15-30 ppm ( 0.53-1.06mM) as in our study
Si 2mM also displayed reduced bone formation compared with that of 0.5 and 1mM
[526]. These results are also consistent with another study by Tsigkou et al. (2009)
that has reported bone nodule formation in presence of 45S5BG [539]; however, this
study did not provide sufficient evidence regarding bone nodule formation. Diluted
1%CoBGs (Si content below 2mM) and cobalt content of 12.5µ and 25µM also
formed bone nodules, whilst 1%CoBG with 50µM cobalt content inhibited bone
nodule formation. The inhibitory effect of (50)1%CoBG is in accordance with the
results obtained from Chapter 3 where bone nodule formation was only observed in
cobalt 12.5 and 25µM and cobalt 50µM caused toxicity (refer to section 4.3.8).
Furthermore, nodule formation in both 0%CoBG and 1%CoBG confirmed the role of
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BG as a successful ion delivery system. In addition, nodule formation in 1%CoBGs
revealed that the inhibition of bone nodule formation in hypoxia is not HIF-dependent.
All conditions were stained positive for Alizarin Red calcium staining; however, the
intensity of the red shade and the shape of the nodules along with chemical and
quantification (refer to Chapter 3) revealed that the mineral structures have been
produced as a result of dystrophic calcification and are not same as bone nodules.

4.5.7 How do biologically relevant range of Si, 0%CoBG and
1%CoBG affect biochemical composition of the nodules?
All concentrations of Si and (Si)0%CoBG exhibited a crystalline non-substituted
hydroxyapatite near 962 cm-1. While, (12.5)1%CoBG exhibited a B-type carbonate
substituted apatite near 960 cm-1 similar to normoxia, native bone and cobalt 12.5µM.
Both Si conditions showed similar degree (P > 0.05) of crystallinity to normoxia,
however, both (Si)0%CoBGs and (12.5)1%CoBG increased (P ≤ 0.0001) the degree
of the crystallinity. Unlike cobalt 12.5µM that exhibited similar mineral to matrix ratio
to normoxia and native bone, (12.5)1%CoBG significantly decreased (P ≤ 0.001)
mineral to matrix ratio which indicates lower ECM content. Interestingly, Si 1mM
showed similar mineral to matrix ratio to native bone which means that Si has
promoted bone formation compared to normoxia. Si 0.5mM; however, exhibited
similar mineral to matrix ratio to normoxia. Furthermore, Si 0.5mM exhibited similar
carbonate to phosphate ratio to native bone which means that the mechanical
properties of the nodules in Si 0.5 is more similar to native bone than normoxia. Taken
together these data suggest that Si treated osteoblasts exhibited more similar
parameters to native bone than any other conditions. Therefore, it can be concluded
that Si may promote bone regeneration.
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4.6 Conclusion
This chapter assessed the effect of Si and Si-based CoBGs on bone nodule formation
alongside with comparing nodule formation under hypoxic condition with 1%CoBG.
Firstly, the optimum concentration ranges CoBGs were defined to be used in the
subsequent experiments. BGs containing 0% and 1% CoBG were chosen as 4%CoBG
was shown to be toxic. All concentrations of Si, BG and CoBG showed increased
metabolic activity in comparison with hypoxia. More importantly, in agreement with
literature, Si (0.5mM) increased osteoblast proliferation, ALP activity and bone
nodule formation compared to other conditions and also normoxia. Increased release
of calcium in 0%CoBG compared to 1%CoBG reduced ALP activity due to calcium
uptake by matrix vesicles. (12.5)1%CoBG and (25)1%CoBG formed bone nodules,
whilst (50)1%CoBG inhibited bone nodule formation which is in accordance with the
results obtained from the previous chapter where bone nodule formation was only
observed in cobalt 12.5 and 25µM. Finally, controlled release of ions and bone nodule
formation within the biologically active concentration range of 0%CoBG and
1%CoBG strongly confirm the role of BG as an ion delivery system and the potential
of these materials in tissue engineering applications.
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Chapter 5
in

Modelling Impaired Bone Healing

Diabetic

patients:

Can

HIF-stabilising

Materials Improve Bone Regeneration?
5.1 Diabetes and Bone Regeneration
Diabetes mellitus (DM) is a glucose-dependent metabolic disease with numerous
possible pathological consequences including; nephropathy, impaired wound healing
and bone metabolism disorders, with patients having an increased risk of delayed
fracture healing [227, 557-559]. Approximately 422 million people are currently
diagnosed with diabetic mellitus [560], with 1.6 million associated deaths per annum.
This statistic is set to rise with predictions suggesting diabetic mellitus will become
the seventh leading cause of death in the world by 2030 [560, 561]. Diabetic mellitus
can be classified into two main subtypes: type 1 diabetic mellitus (T1DM) and type 2
diabetic mellitus (T2DM). In patients with T1DM, impaired insulin secretion and
insulin deficiency result in hyperglycaemia, whilst in T2DM, hyperglycaemia occurs
due to insulin resistance and excessive accumulation of insulin in the blood
(hyperinsulinemia) [562]. Hyperglycaemia is defined as an increase in blood glucose
concentration above normal levels of 70-110 mg/dL (0.7-1.1 g/L), which is a
pathological result of both types of diabetes [563]. Insulin is an anabolic hormone
responsible for regulating glucose levels in the blood [423, 564]. T2DM accounts for
90% of the total cases of diabetic mellitus [565]. Recently, researchers in India
proposed two new subtypes for diabetes mellitus: Type 3 diabetic mellitus (T3DM)
caused by chronic pancreatitis and chronic drug therapy and type 4 diabetic mellitus
(T4DM) pregnancy hormones-dependant insulin resistance [566]; however, the
majority of studies consider these as T1DM and T2DM.
Clinical studies have reported that fracture healing in diabetic patients is prolonged by
~87% [559]. Patients with complicated diabetes (involving major organ damage)
exhibited 3.8 times increased risk of delayed or non-union fractures, redislocation,
pseudarthrosis and in hospital mortality, when compared to patients with
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uncomplicated (no end organ damage) diabetes [567, 568]. Complicated diabetic
patients had 5-times more chance of requiring surgery due to joint ossification in
comparison with uncomplicated cases [567, 568].
The role of diabetes on bone remodelling and regeneration is being unravelled and
may involve the HIF pathway [569, 570]. Destabilisation of HIF-1a by high glucose
levels has been reported to impair the cellular response to hypoxia in diabetic
conditions and have detrimental consequences such as reduced neovascularisation,
contributing to delayed or impaired bone healing in diabetic patients [371, 372]. In
T1DM, HIF-1a has been shown to not be stabilised in hypoxic conditions [228] and
in diabetic rats with induced femur fracture a reduction of VEGF production and
impaired angiogenesis was observed [13].
The critical role of HIF-1a stabilisation in improving diabetic wound healing has been
widely studied [307, 571, 572]. However, little attention has been paid to the effect of
hypoxia and HIF-1a on bone healing in diabetic environments. In this chapter, the
effect of diabetic environment on each stage of bone regeneration and current
treatments will be investigated. The possible mechanisms of diabetes-induced
inhibition on HIF-pathway will be discussed and the effects of hypoxia (1% O2) and
HIF-stabilising materials (CoCl2 and DMOG) on bone nodule formation in diabetic
environment will be examined to assess whether targeting HIF-pathway can promote
bone regeneration in diabetic patients. This may enable the design of new therapeutic
strategies for improving bone regeneration in diabetic patients.

5.2 Chapter Aims
1. Does glucose affect nodule formation?
2. Does glucose affect the ultrastructure of nodules?
3. Does glucose affect angiogenic response in high glucose conditions?
4. Do HIF stabilisers affect bone nodule formation in high glucose environment?
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5.3 Methods and Materials
Primary rat osteoblasts were isolated from neonatal SD rats and cultured as described
in Chapter 3. In brief, cells were seeded at a density of 60,000 cells/well into 12-well
plate in

a-MEM supplemented with 2 mM β-glycerophosphate, 10nM

dexamethasone, and 50μg/mL ascorbate. When confluent (3 days), cells were exposed
to 1g/L (same level as normoxia in previous chapters), 4.5g/L and 9g/L glucose
environments to mimic low, moderate and high blood glucose levels, respectively, and
kept in normoxia (20% O2). To examine the role of HIF stabilising materials in
promoting bone regeneration in diabetic environment, the cells were also treated with
cobalt and DMOG conditioned medium with 1, 4.5 and 9g/L glucose. Moreover, 1g/L
(same level as hypoxia in previous chapters), 4.5g/L and 9g/L glucose conditioned
medium under hypoxia (1% O2) were used as controls.

5.3.1 The Effect of Moderate and high glucose environments on
metabolic activity and proliferation
To determine if hyperglycaemic conditions affect metabolic activity and proliferation
of osteoblasts, alamarBlue and total DNA quantification assay were performed.
Hypoxia 4.5g/L and 9g/L exhibited improved metabolic activity compared to hypoxia
1g/L from day 7 to day 21(Figure 5.1a). On day 21, both hypoxia 4.5g/L and 9g/L
displayed fairly similar (P > 0.05) metabolic activity to normoxia. Normoxia 4.5g/L
and 9g/L showed significantly increased (P ≤ 0.001) metabolic activity compared to
normoxia 1g/L on day 1 but failed to increase on day 14 and day 21. On day 21, all
glucose treated conditions both in normoxia an hypoxia displayed similar (P > 0.05)
metabolic activity to normoxia low glucose. Despite normoxia 1g/L that sharply
decreased cell number from day 7, normoxia 4.5g/L and 9g/L exhibited significantly
increased ( P ≤ 0.0001) cell number on day 14 and day 21 (Figure 5.1b). Both hypoxia
4.5g/L and 9g/L showed similar proliferation to hypoxia 1g/L on day 21; however,
they increased proliferation with a slower rate compared to that of hypoxia 1g/L.
Among normoxic conditions, only normoxia 1g/L increased metabolic activity per cell
(unit DNA) and normoxia 4.5g/L and 9g/L did not exhibit changes over 21 days
(Figure 5.1c). Hypoxia 1g/L that significantly increased (P ≤ 0.0001) metabolic
activity per cell up to day 7. Hypoxia 4.5g/L and 9g/L showed increasing metabolic
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activity per cell over 21 days and revealed similar metabolic activity per cell to
normoxia 1g/L on day 21. Normoxia 9g/L and 4.5g/L exhibited the highest
proliferation rates after 21 days, respectively (Figure 5.1d). Hypoxia 1g/L sharply
decreased proliferation rate after day 3; whilst, hypoxia 4.5g/L and 9g/L decreased
proliferation from day 7 with a slower rate compared to 1g/L.

Figure 5.1 – Metabolic activity (a), proliferation (b), metabolic activity per unit DNA (c) and
proliferation rate (d) of osteoblasts cultured in low, moderate and high glucose-conditioned
environments in normoxia and hypoxia. (a) Hypoxia 4.5g/L and 9g/L exhibited increased metabolic
activity compared to hypoxia 1g/L and showed reasonably similar metabolic activity to normoxia 1g/L
on day 21. (b) Normoxia 4.5g/L and 9g/L showed improved proliferation compared to normoxia 1g/L.
Although hypoxia 4.5g/L and 9g/L increased proliferation with slower rate compared to hypoxia 1g/L,
both 4.5g/L and 9g/L displayed similar proliferation to hypoxia 1g/L on day 21. (c) Hypoxia 4.5g/L
and 9g/L continuously increased metabolic activity per cell over 21 days, whilst hypoxia 1g/L did not
exhibit noticeable changes up to day21. Despite normoxia 1g/L that progressively enhanced metabolic
activity per cell, normoxia 4.5g/L and 9g/L did not show differences over the observation period. (d)
Normoxia 9g/L and 4.5 g/L had the highest proliferation rate, respectively, and unlike all other
conditions, did not show considerable decrease in proliferation rate. Values are mean ± SD; n= 5. ****
P£ 0.0001, *** P £ 0.001
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5.3.2 The Effect of Moderate and High Glucose Concentrations on
Angiogenic Response
The role of moderate and high glucose environments on angiogenic response was
measured using VEGF ELISA. Although on day 1, hypoxia 4.5g/L and 9g/L displayed
~2-fold and ~3.7-fold increase compared to hypoxia 1g/L in VEGF production,
hypoxia 1g/L showed the highest VEGF level after 7days (Figure 5.2). Normoxia
4.5g/L and 9g/L also slightly increases VEGF levels on day 1; however, normoxia
1g/L produced more VEGF on day7.
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Figure 5.2 – Angiogenic response in osteoblasts cultured in low, moderate and high glucose
environments. On day 1, hypoxia 4.5g/L and 9 g/L significantly increased VEGF production compared
to hypoxia 1g/L. Whilst, hypoxia 1g/L exhibited the highest VEGF amount on day7. Glucose treatments
did not increase VEGF levels under normoxic condition in comparison to normoxia 1g/L. Values are
mean ± SD; n= 3. **** P £ 0.0001, *** P £ 0.001, * P ≤ 0.05

5.3.3 The Effect of Moderate and High Glucose Conditions on ALP
Activity
To determine if hyperglycaemia affects osteoblasts differentiation, osteoblasts ALP
activity was investigated. Neither hypoxia 1g/L nor hypoxia 4.5g/L and 9g/L did not
produce noticeable levels of ALP (Figure 5.3a). Both normoxia 4.5g/Land 9g/L
exhibited lower ALP activity compared to normoxia 1g/L on day 14. On day 21,
however, normoxia 1g/L and normoxia 4.5g/L exhibited similar ALP Activity.
Normoxia 4.5 g/L showed significantly increased metabolic activity compared to
normoxia 1g/L only on day 7. All glucose concentrations under hypoxic condition
showed significantly reduced (P ≤ 0.0001) protein levels from day 7 onwards
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compared to normoxia 1g/L (Figure 5.3b). Normoxia 4.5g/L showed similar protein
content to normoxia 1g/L after 21 days. Normalised ALP activity per unit protein also
confirmed similar ALP activity in normoxia 4.5g/L and 9g/L in comparison to
normoxia 1g/L on day 21 (Figure 5.3c).
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Figure 5.3 – Effect of low, moderate and high glucose on ALP activity (a), protein content (b) and ALP
activity per unit protein of osteoblasts(c). (a) Low (1g/L), moderate (4.5g/L) and high glucose (9g/L)
conditions did not produced detectable levels of ALP under hypoxia. Addition of glucose decreased
ALP activity under normoxia. (b) No changes were observed in protein content of hypoxic conditions
with different glucose levels. Both 4.5g/L and 9g/L glucose environments displayed lower protein
content compared to normoxia 1g/L. (c) Adding glucose attenuated ALP activity per unit protein in
normoxia. All glucose concentrations under hypoxia did not exhibit detectable levels of ALP activity
per unit protein. Values are mean ± SD; n= 4. **** P £ 0.0001, *** P £ 0.001

5.3.4 High and Moderate Glucose environments and Bone Nodule
Formation
Following identification of the effect of hyperglycaemic environments on the earlier
stages of bone regeneration, we sought to identify the role of moderate and high
glucose conditions in bone nodule formation. Normoxia 9g/L and normoxia 4.5g/L
exhibited decreased bone nodule formation compared to normoxia 1g/L (Figure 5.4).
Moreover, widespread mature nodules were observed in normoxia 1g/L. However,
very few smaller nodules were detectable in normoxia 4.5g/L. Normoxia 9g/L only
showed early signs of nodule formation.

Hypoxia 1g/L inhibited bone nodule

formation and resulted in dystrophic mineralisation. Although addition of glucose still
had an inhibitory effect on bone nodule formation, both hypoxia 4.5 g/L and hypoxia
9g/L displayed reduced dystrophic mineral formation. Alizarin red calcium staining,
and SEM micrographs also confirmed decreased dystrophic mineralisation in hypoxia
4.5g/L and 9g/L compared to hypoxia 1g/L.
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Nodule quantification using interferometry technique also revealed that normoxia
1g/L covered the highest percentage of the surface (36mm2) with nodules above 30µm
(Figure 5.5a-g). Number of nodules (above 30µm) formed in all other conditions were
insignificant compared to that of normoxia 1g/L. The maximum nodule height results
revealed that although very few nodules were formed in normoxia 9g/L, these nodules
exhibited slightly higher maximum height compared with that of normoxia 1g/L and
4.5g/L (Figure 5.5a-f,h).
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Figure 5.4 – The effect of low, moderate and high glucose on bone nodule formation analysed by
standard microscopy techniques. Bone nodule formation was noticeably decreased in normoxia 4.5g/L.
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Normoxia 9 g/L inhibited bone nodule formation. Less dystrophic mineralisation was observed in both
hypoxia 4.5 g/L and 9g/L compared to hypoxia 1g/L.
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Figure 5.5 – Phase maps and morphological quantification analysis of osteoblasts treated with low,
moderate and high glucose. Phase maps of normoxia 1g/L (a), hypoxia (b), normoxia 4.5 g/L (c),
normoxia 9g/L (d), hypoxia 4.5g/L (e) and hypoxia 9 g/L (f). (g) Normoxia exhibited the highest
percentage of the surface covered with nodules. (h) Normoxia 9g/L showed improved nodules
maximum height compared to normoxia 1g/L and normoxia 4.5 g/L. Values are mean ± SD; n= 3. ****
P £ 0.0001, *** P £ 0.001

Collagen fibres and few mineralised structures were observed in normoxia 4.5 g/L
exhibited (Figure 5.6a,b). While, normoxia 9g/L only exhibited collagen fibres and
nodules were hardly detectable in this condition (Figure 5.6c,d). Both conditions
showed less collagen and mineral formation compared with that of normoxia 1g/L
(refer to Figure 3.10). Surprisingly, both hypoxia 4.5g/L (Figure 5.6e,f) and hypoxia
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9g/L (Figure 5.6g,h) exhibited collagen fibres, whilst no collagen formation was
detected in hypoxia 1g/L (refer to Figure 3.10). Hypoxia 4.5g/L displayed more
collagen fibres compared to hypoxia 9 g/L. Neither nodules nor dystrophic
mineralisation were observed under both hypoxic conditions.
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Figure 5.6 – TEM micrographs of osteoblasts treated with moderate and high glucose-conditioned
medium. Both normoxia 4.5g/L(a,b) and normoxia 9g/L (c,d) exhibited collagen fibres (COL)
embedded in osteoblasts (OB). Whilst, mineralised nodules (MN) were only detected in normoxia 4.5
g/L. Hypoxia 4.5g/L (e,f) and hypoxia 9g/L (g,h) also showed collagen formation. However, no
nodules were observed under hypoxic conditions.

5.3.5 Effect of Cobalt on Moderate Glucose Metabolic Activity and
Proliferation
Following identification of the inhibitory effect of hyperglycaemic environments on
different stages of bone nodule formation, we sought to identify if cobalt restores bone
forming capability. Hypoxia 4.5g/L showed significantly increased (P ≤ 0.0001)
metabolic activity among all conditions on day 14 and day 21 (Figure 5.7a). All other
conditions exhibited fairly similar metabolic activity up to day 21. Addition of cobalt
(12.5 and 25µM) did not change proliferation compared to that of normoxia 4.5 g/L;
whereas, normoxia 4.5g/L+ cobalt50 exhibited significant decreased (P ≤ 0.0001) in
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proliferation compared to other normoxic conditions (Figure 5.7b). Hypoxia 4.5g/L
had the lowest proliferation among all conditions over the observation period. Unlike
normoxia 4.5g/L and normoxia 4.5g/L+ cobalt12.5 that did show considerable
changes in metabolic activity per cell over 21 days, hypoxia 4.5g/L and normoxia
4.5g/L+ cobalt50 continuously increased metabolic activity per cell with hypoxia
4.5g/L having the highest levels due to lower DNA number (Figure 5.7c). Normoxia
4.5g/L, normoxia 4.5g/L+ cobalt12.5 and 25 exhibited similar proliferation rate after
21 days; however, normoxia 4.5g/L had higher levels of proliferation rate between
days 1 and 14 (Figure 5.7d) .Hypoxia 4.5g/L and normoxia 4.5g/L+ cobalt50 sharply
decreased proliferation rate from day 7 onwards and showed the lowest proliferation
rates among all conditions.

Figure 5.7 - Effect of cobalt on metabolic activity (a), proliferation (b), metabolic activity per unit DNA
(c) and proliferation rate (d) of osteoblasts in moderate glucose environment. (a) Normoxia 4.5g/L
showed the highest metabolic activity among all other conditions. (b) Normoxia 4.5g/L+ cobalt12.5
and 25 progressively increased proliferation over 21 days and exhibited slightly higher levels than
normoxia 4.5g/L on day21. (c) Hypoxia 4.5g/L and normoxia 4.5g/L+ cobalt50; respectively, displayed
the highest metabolic activity per cell. (d) After 21 days, normoxia 4.5g/L, normoxia 4.5g/L+ cobalt12.5
and 25 showed improved proliferation rate compared to other conditions. Values are mean ± SD; n= 5.
**** P£ 0.0001, *** P £ 0.001
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5.3.6 Effect of Cobalt on Angiogenic Response in Moderate Glucose
Environment
The role of cobalt in angiogenic phase was assessed using VEGF ELISA. Although
on day1, hypoxia 4.5g/L produced the highest level of VEGF, on day 7 normoxia
4.5g/L+ cobalt12.5, 25 and 50 exhibited ~3-fold, 3.3-fold and 2.8-fold increase in
VEGF levels compared to hypoxia 4.5g/L, respectively (Figure 5.8).
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Figure 5.8 – Effect of cobalt on angiogenic response of osteoblasts in moderate glucose condition.
Normoxia 4.5g/+ cobalt12.5, 25 and 50 exhibited improved VEGF production compared to normoxia
4.5g/L and hypoxia 4.5g/L. Values are mean ± SD; n= 3. **** P £ 0.0001, *** P £ 0.001

5.3.7 Effect of Cobalt on ALP Activity in Moderate Glucose
Environment
To find out if cobalt affects osteoblasts differentiation in moderate glucose
environments, ALP activity was measured. activity Normoxia 4.5g/L showed
increased ALP activity over 21 days compared to cobalt treated conditions (Figure
5.9a). ALP activity was not detected in hypoxia 4.5g/L. Normoxia 4.5g/L exhibited
the highest protein content among all culture environments (Figure 5.9b). Among
cobalt treated conditions, normoxia 4.5g/L+ cobalt12.5 displayed the highest level of
protein content, followed by normoxia 4.5g/L+ 25 and 50, respectively. No significant
changes were observed in hypoxia 4.5g/L protein content from day 7 to day 14. ALP
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activity per unit protein also showed fairly similar pattern to ALP activity with
normoxia 4.5g/L having the highest ALP activity per unit protein (Figure 5.9c).
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Figure 5.9 – Effect of cobalt and moderate glucose level on ALP activity (a), protein content (b) and
ALP activity per unit protein (c) of osteoblasts. (a) Adding cobalt not only did not improve ALP
activity, protein content and ALP activity per unit protein of glucose (4.5g/L) treated osteoblasts but
also resulted in a decrease. Normoxia 4.5g/L+ cobalt12.5 exhibited the highest ALP activity, protein
content and ALP activity per unit protein among all cobalt treated environments. Values are mean ±
SD; n= 4. **** P £ 0.0001, *** P £ 0.001

5.3.8 Cobalt and Bone Nodule Formation in Moderate Glucose
Environments
The ability of cobalt to restore bone nodule formation in moderate glucose
environments was investigated. Addition of cobalt 12.5 and 25µM to normoxia 4.5g/L
environment improved bone nodule formation (Figure 5.10) compared to normoxia
4.5g/L alone (refer to Figure 5.4). Normoxia 4.5g/L+ cobalt 50 did not increase bone
nodule formation which is in accordance with our findings from chapter 3 and 4 on
cobalt 50µM toxicity. Alizarin red staining also confirmed presence of calcium in the
mineralised structures. Nodules were not clearly visible in SEM due to low number
and low height. Moreover, normoxia 4.5g/L+cobalt25 covered the highest percentage
of the surface (36mm2) with nodules above 30µm compared to normoxia and hypoxia
4.5g/L and normoxia 4.5g/L+ cobalt 12.5 and 50 (Figure 5.11a-c). Normoxia
4.5g/L+cobalt25 also exhibited the highest nodules among all conditions (Figure 5.11
a,b,d).
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Figure 5.10 – Effect of cobalt on bone nodule formation in moderate glucose environment analysed by
microscopy techniques. Normoxia 4.5g/L+ cobalt12.5 and 25 promoted bone nodule formation.
Nodules were stained positive for calcium using Alizarin red staining.
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Figure 5.11 – Phase maps and morphological quantification analysis of cobalt treated osteoblasts in
moderate glucose environment. Phase maps of normoxia 4.5g/L+ cobalt12.5 (a)and normoxia 4.5g/L+
cobalt25 (b). (c) Normoxia 4.5g/L+cobalt25 formed the highest number of nodules and (d) displayed
the maximum nodule height. Values are mean ± SD; n= 3. **** P £ 0.0001, *** P £ 0.001
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Unlike normoxia 4.5g/L and hypoxia 4.5g/L (refer to Figure 5.6), osteoblasts
embedded within a mineralised ECM with oriented collagen fibrils were observed in
both normoxia 4.5g/L+cobalt12.5 (Figure 5.10a,b) and normoxia4.5g/L+cobalt25
(Figure 5.10c,d). Collagen banding was also detected in both cobalt treated conditions
(red arrows) on mineralised and non-mineralised regions. Addition of cobalt 25µM to
the glucose-conditioned medium exhibited more and denser nodules compare to cobalt
12.5µM treated osteoblasts which in accordance with interferometry results (section
5.3.9).
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Figure 5.12 – TEM micrographs of moderate glucose environment with cobalt. (a,b) Normoxia
4.5g/L+cobalt12.5. (c,d) Normoxia 4.5g/L+cobalt25. Both conditions exhibited osteoblasts (OB)
embedded within mineralised nodules (MN) and collagen fibres (COL). The nodules were denser in
cobalt 25 treated environment compared to that of cobalt 12.5. collagen banding (red arrows) were
observed in both conditions.
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5.3.9 The Effect of High Glucose Environment on Metabolic
Activity and Proliferation
Following identification if the effect of cobalt on bone nodule formation in medium
glucose environments, we then examined its role in high glucose environments.
Hypoxia 9g/L showed improved metabolic activity compared to other conditions over
21 days (Figure 5.13a). Among cobalt treated conditions, normoxia 9g/L+ cobalt25
exhibited the highest metabolic activity up to day 14; however, on day 21, normoxia
9g/L+ cobalt12.5 had the highest level. Taken together, addition of cobalt 12.5 and
25µM slightly promoted metabolic activity compared to that of normoxia 9g/L.
Moreover, normoxia 9g/L+ cobalt50 displayed quite similar metabolic activity to
normoxia 9g/L. Addition of cobalt did not improve proliferation up to day 14;
however, normoxia 9g/L+ cobalt12.5 slightly increased proliferation compared to
normoxia 9g/L between days 14 and 21 (Figure 5.13b). Normoxia 9g/L, normoxia
9g/L+ cobalt12.5 and 25 progressively increased proliferation up to day 21; whilst,
normoxia 9g/L exhibited a higher rate up to day 14. Hypoxia 9g/L and normoxia 9g/L+
cobalt50 displayed reduced proliferation after 7 and 14 days, respectively. Unlike
hypoxia 9g/L and normoxia 9g/L+ cobalt50, all other conditions did not show
differences in metabolic activity per cell (Figure 5.13c). Enhanced metabolic activity
in these two conditions are associated with low DNA numbers. Normoxia 9g/L,
normoxia 9g/L+ cobalt12.5 and 25 revealed similar proliferation rates on day 21;
however, normoxia 9g/L increased proliferation rate with a higher speed (Figure
5.13d). Hypoxia 9g/L and normoxia 9g/L+ cobalt50 sharply decreased proliferation
rate from day 7 onwards.
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Figure 5.13 – Effect of cobalt on metabolic activity (a), proliferation (b), metabolic activity per unit
DNA (c) and proliferation rate (d) of osteoblasts in 9g/L glucose-conditioned environments. (a)
Hypoxia 9g/L showed the highest metabolic activity over 21 days. Addition of cobalt 12.5µM slightly
increased metabolic activity compared to normoxia 9g/L. (b) Normoxia 9g/L exhibited improved
proliferation compared to all conditions up to day 14. However, normoxia 9g/L+ cobalt12.5 had the
highest proliferation level between days 14 and 21. (c) Hypoxia 9g/L progressively enhanced metabolic
activity per unit DNA. All other conditions did not exhibit significant (P value) changes over the
observation period. (d) Normoxia 9g/L, normoxia 9g/L+ cobalt 12.5 and 25 displayed reasonably
similar proliferation rate on day21. However, normoxia 9g/L increased proliferation rate with a higher
speed. Values are mean ± SD; n= 5. **** P £ 0.0001, *** P £ 0.001

5.3.10 Effect of Cobalt on Angiogenic Response in High Glucose
Environment
To assess the ability of cobalt to restore angiogenic response in high glucose
environment, VEGF expression was measured using ELISA. Hypoxia 9g/L
considerably improved VEGF production compared to other conditions on day 1.
However, on day 7, all cobalt treated conditions exhibited enhanced VEGF levels in
comparison to normoxia and hypoxia with 9g/L glucose content (Figure 5.14).
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Figure 5.14 – Effect of cobalt on angiogenic response of osteoblasts in high glucose condition.
Normoxia 9g/+ cobalt12.5, 25 and 50 showed enhanced VEGF production compared to both normoxia
9g/L and hypoxia 9g/L on day 7. Values are mean ± SD; n= 3. **** P £ 0.0001, *** P £ 0.001

5.3.11 The Effect of Cobalt on ALP Activity in High Glucose
Environment
The role of cobalt in regulating ALP activity was investigated. Normoxia 9g/L+ cobalt
12.5 exhibited increased ALP activity compared to normoxia on days 7 and 14 (Figure
5.15a). However, on day 21, normoxia 9g/L showed slightly enhanced ALP activity
compared to normoxia 9g/L+ cobalt 12.5. Normoxia 9g/L+ cobalt 50 decreased ALP
activity from day 7 onwards. Hypoxia 9g/L did not produced ALP over 21 days.
Addition of all concentrations of cobalt to normoxia 9g/L did not improve protein
content up to day 21 (Figure 5.15b). Hypoxia 9g/L exhibited the lowest protein content
among all conditions up to day 21. Addition of cobalt 12.5 and 25µM enhanced ALP
activity per unit protein between days 7 and 21 (Figure 5.15c). Normoxia 9g/L+ cobalt
50 reduced ALP activity per unit protein.
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Figure 5.15 – Effect of cobalt and high glucose on ALP activity (a), protein content (b) and ALP activity
per unit protein (c) of osteoblasts. (a) Addition of cobalt 12.5µM improved ALP activity on days 7 and
14. (b) All cobalt concentrations exhibited lower protein content than normoxia 9 g/L over 21 days. (c)
Adding both cobalt 12.5 and 25µM displayed slightly enhanced ALP activity per unit protein on day
21. Values are mean ± SD; n= 4. **** P £ 0.0001, *** P £ 0.001
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5.3.12 Cobalt and Bone Nodule Formation in High Glucose
Environments
As expected, improved bone nodule formation was observed as a result of adding
cobalt 12.5 and 25µM to normoxia 9g/L condition (Figure 5.16). However, cobalt
50µM did not alter nodule formation due toxicity and corroborates our results in
Chapter 3 and 4. Alizarin red calcium staining also exhibited nodules with defined
edges. SEM micrographs did not show nodules clearly probably due to low number
and small size of nodules in high glucose environment. Both normoxia 9g/L+
cobalt12.5 and 25 exhibited higher percentage of the surface being covered with
nodules above 30µM (Figure 5.16a-c). Although the maximum height of nodule was
observed in normoxia 9g/L which might not be precise due to low number of nodules
formed in these conditions (Figure 5.16a,b,d).
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Figure 5.16 – Effect of cobalt on bone nodule formation in high glucose environment analysed by
microscopy techniques. Normoxia 9g/L+ cobalt12.5 and 25 promoted bone nodule formation. Addition
of cobalt 50µM did not improve nodule formation due to toxicity.
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Figure 5.17 – Phase maps and morphological quantification analysis of cobalt treated osteoblasts in
high glucose environment. Phase maps of normoxia 9g/L+ cobalt12.5 (a)and normoxia 9g/L+ cobalt25
(b). (c) Both normoxia 9g/L+cobalt12.5 and 25 formed more nodules compared to that of normoxia 9
g/L (d) Normoxia 9g/L showed the maximum nodule height. Values are mean ± SD; n= 3. *** P £
0.0001, *** P £ 0.001
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Both normoxia 9g/L+ cobalt12.5 (Figure 6518a,b) and cobalt25 (Figure 5.18c,d)
showed osteoblasts embedded within ECM and mineralised nodules. However,
normoxia 9g/L+ cobalt25 exhibited denser nodules. Whilst, nodules in
normoxia9g/L+ cobalt12.5 seemed to be dissociated and needle-shaped.
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Figure 5.18 - TEM micrographs of high glucose environment with cobalt. (a,b) Normoxia
9g/L+cobalt12.5. (c,d) Normoxia 9g/L+cobalt25. Both conditions exhibited osteoblasts (OB)
embedded within mineralised nodules (MN) and collagen fibres (COL). The nodules seemed to be
denser in cobalt 25 treated environment compared to that of cobalt 12.5.

5.3.13 The Effect of DMOG on Metabolic Activity and Proliferation
in Moderate Glucose Condition
In order to assess if DMOG affects osteoblasts metabolic activity and proliferation in
moderate glucose environment, alamarBlue and total DNA quantification assays were
used. Addition of DMOG to normoxic moderate glucose condition (4.5g/L) not only
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did not improve but also attenuated metabolic activity over 21 days (Figure 5.19a).
Hypoxia 4.5g/L showed the highest metabolic activity up to day 21 followed by
normoxia 9g/L. All concentrations of cobalt exhibited fairly similar metabolic
activities between days 1 and 21. From day 14 onwards, normoxia 4.5g/L displayed
almost identical proliferation level to all cobalt treated conditions (Figure 5.19b).
Normoxia 4.5g/L progressively increased metabolic activity per cell up to day 21;
whilst, all other conditions did not exhibit changes (Figure 5.19c). Normoxia 4.5g/L+
DMOG250, 500 and 100 had the highest proliferation rates, respectively (Figure
5.19d).

Figure 5.19 – Effect of DMOG on metabolic activity (a), proliferation (b), metabolic activity per unit
DNA (c) and proliferation rate (d) of osteoblasts in moderate glucose condition. Addition of cobalt to
moderate glucose condition (4.5g/L) did not improve metabolic activity and proliferation. (a) Values
are mean ± SD; n= 5. **** P £ 0.0001, *** p £ 0.001

5.3.14 DMOG and Angiogenic Response in Moderate Glucose
Environment
Angiogenic response was measured using VEGF ELISA. On day 1, hypoxia 4.5g/L
showed enhanced VEGF production compared to other conditions (Figure 5.20).
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However, after 7 days, hypoxia 4.5g/L had the lowest VEGF level; whilst, normoxia
4.5g/L+ DMOG1000 produced the highest level of VEGF. Moreover, normoxia
4.5g/L+ DMOG500 and 1000 revealed increased VEGF production compared to
normoxia and hypoxia 4.5g/L on both days 1 and 7.
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Figure 5.20 – Effect of DMOG on angiogenic response in moderate glucose environment. Normoxia
4.5g/L+ DMOG500 and 1000 improved VEGF production compared to normoxia and hypoxia 4.5g/L
on both days 1 and 7. Values are mean ± SD; n= 3. **** P £ 0.0001, *** p £ 0.001

5.3.15 DMOG and ALP Activity in moderate glucose environment
To assess if DMOG restores osteoblasts differentiation in moderate environments,
ALP activity was measured. Both normoxia 4.5g/L+DMOG250 and 500 showed
significantly enhanced (P ≤ 0.0001) ALP activity compared to normoxia 4.5 g/L from
day 14 onwards, while normoxia 4.5g/L+DMOG1000 continuously decreased ALP
activity from day 7 (Figure 5.21a). Protein content was not improved with addition of
DMOG (Figure 5.21b). Moreover, normalised ALP activity per unit protein displayed
significantly enhanced (P ≤ 0.0001) levels for normoxia 4.5g/L+DMOG250 and 500
compared to that of normoxia 4.5 g/L on day 14 and 21(Figure 5.21c).
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Figure 5.21 – Effect of DMOG in moderate glucose environment on ALP activity (a), protein content
(b) and ALP activity per unit protein (c) of osteoblasts. After 21 days, addition of DMOG 250 and
500µM improved ALP activity and ALP activity per unit protein but not protein content. Values are
mean ± SD; n= 4. **** P £ 0.0001, *** P £ 0.001
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5.3.16 DMOG and Nodule Formation in Moderate Glucose
Environment
As cobalt restored bone nodule formation in both moderate and high glucose
environments, the effect of DMOG was also investigated. DMOG 250 and 500µM
promoted bone nodule formation in moderate glucose environment (4.5g/L) (Figure
5.22). While, DMOG 1000µM did not show any nodule formation probably due to
toxicity. These findings are associated with our findings in Chapter 3. SEM did not
reveal clear micrographs of the nodules which might be due to the low nodule’s height
in glucose environment. However, nodules were noticeably detectable using Alizarin
red calcium staining. More nodules were observed in microscopic images of DMOG
500µM compared to DMOG 250µM which corroborates with morphological
quantification results where normoxia 4.5g/L+DMOG 500µm showed significantly
increased number of nodules (above 30µm) compared to 4.5g/L+DMOG 500µm
(Figure 5.23a-c). In addition, the maximum height of nodules was observed in
normoxia 4.5g/L+DMOG 500µM (Figure 5.23a,b,d).
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Figure 5.22 – Effect of DMOG on bone nodule formation in high glucose environment analysed by
microscopy techniques. Addition of both DMOG 250 and 500µM to high glucose (9g/L) condition
promoted bone nodule formation.
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Figure 5.23 – Phase maps and morphological quantification analysis of DMOG treated osteoblasts in
moderate glucose environment. Phase maps of normoxia 4.5g/L+ DMOG250 (a)and normoxia 4.5g/L+
DMOG500 (b). (c) Normoxia 4.5g/L+DMOG500 formed more nodules compared to that of normoxia
4.5 g/L and normoxia 4.5 g/L+DMOG250(d) Normoxia 9g/L+ DMOG500 showed the maximum
nodule’s height. Values are mean ± SD; n= 3. **** P £ 0.0001, *** P £ 0.001
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Osteoblasts embedded within a collagenous ECM was detected in both normoxia
4.5g/L+DMOG250 (Figure 5.24a,b) and normoxia 4.5g/L+DMOG500 (Figure
5.24c,d). However, normoxia 4.5g/L+DMOG250 showed more abundant collagen
fibres. Mineralised nodules were also observed in this condition.
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Figure 5.24 – TEM micrographs of osteoblasts treated with DMOG in moderate glucose environment.
(a,b) Normoxia 4.5g/L+ DMOG250 (c,d) Normoxia 4.5g/L+ DMOG500. Osteoblasts (OB) embedded
within an ECM composed of collagen (COL) fibres were detected in both conditions. However,
mineralised nodules were only observed in normoxia 4.5g/L+ DMOG250.

5.3.17 The effect of DMOG on Metabolic Activity and Proliferation
in High Glucose Condition
Having determined that DMOG restores bone formation in moderate glucose
environments, the role of DMOG in high glucose condition was also investigated.
Addition of all concentrations of DMOG not only did not improve metabolic activity
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of normoxia 9g/L but also caused a decrease over 21 days (Figure 5.25a). DMOG
treated conditions exhibited similar metabolic activity up to day 7 but from day 7
onwards, DMOG 250µM showed the highest metabolic activity followed by
DMOG500 and 1000µM, respectively, which corroborates the findings from Chapter
3. All DMOG concentrations exhibited improved proliferation compared to normoxia
9g/L on day 14. While, normoxia 9g/L and normoxia 9g/L+ DMOG500 had the
highest proliferation after 21 days (Figure 5.25b). Hypoxia 9g/L continuously
increased metabolic activity per cell, other conditions; however, exhibited
insignificant changes over 21 days (Figure 5.25c). All concentrations of DMOG in
high glucose environment displayed improved proliferation rate compared to that of
normoxia and hypoxia 9g/L (Figure 5.25d).

****

Figure 5.25 – Effect of DMOG on metabolic activity (a), proliferation (b), metabolic activity per unit
DNA (c) and proliferation rate (d) of osteoblasts in high glucose condition. Addition of DMOG did not
improve metabolic activity, proliferation and metabolic activity per unit DNA. However, all
concentrations of DMOG in high glucose condition (9g/L) exhibited higher proliferation rate compared
to normoxia and hypoxia 9g/L. Values are mean ± SD; n= 5. **** P £ 0.0001, *** P £ 0.001

5.3.18 DMOG

and

Angiogenic

Response

in

High

Glucose

Environment
In order to assess the angiogenic response, VEGF expression was measured. On day
1 hypoxia 9g/L exhibited improved VEGF production compared to other conditions.
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While, after 7 days, all DMOG treated high glucose conditions showed enhanced
VEGF levels compared to both normoxia and hypoxia 9g/L with DMOG 500µM
having the highest amount.
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Figure 5.26 – Effect of DMOG on angiogenic response in moderate glucose environment. All DMOG
treated conditions exhibited improved VEGF production compared to normoxia and hypoxia 4.5g/L
after 7 days. Values are mean ± SD; n= 3. **** P £ 0.0001, *** P £ 0.001

5.3.19 DMOG enhance ALP activity in high glucose environment
To determine the role of DMOG in osteoblast differentiation in high glucose
environment, ALP activity was assessed. Normoxia 9g/L+DMOG250 and 500
improved ALP activity compared to normoxia 9g/L after day 7 and day 14,
respectively (Figure 5.27a). Hypoxia; however, did not produced any ALP over 21
days. Moreover, normoxia 9g/L+DMOG1000 continuously decreased ALP activity
from day 7 onwards. After 7 days, protein content was also improved in normoxia
9g/L+DMOG250 and 500 compared with both normoxia and hypoxia 9g/L (Figure
5.27b). Normoxia 9g/L+DMOG1000 also progressively increased protein content;
however, its protein level was lower than all other normoxic conditions. Normalised
ALP activity per unit protein also revealed an increased in normoxia 9g/L+DMOG250
and 500 compared to normoxia 9g/L (Figure 5.27c).
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Figure 5.27 – Effect of DMOG in high glucose environment on ALP activity (a), protein content (b)
and ALP activity per unit protein (c) of osteoblasts. (a) Normoxia 9g/L+ DMOG250 and 500 exhibited
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improved ALP activity, protein content and ALP activity per unit protein compared to both normoxia
9g/L after 7 days. Values are mean ± SD; n= 4. **** P £ 0.0001, *** P £ 0.001

5.3.20 DMOG and Nodule Formation in High Glucose Environment
To assess if DMOG restores mineralisation in high glucose environment, the effect of
DMOG on bone nodule formation was examined. Addition of DMOG 250 and 500µM
to normoxia 9g/L improved bone nodule formation (Figure 5.28). Whilst, normoxia
9g/L+DMOG1000 did not form any nodules. Alizarin red staining also confirmed
presence of calcium in the nodules. Whereas, the nodules were not clearly detectable
in SEM micrographs which might be associated with the low number and height of
nodules. Normoxia 9g/L+DMOG250 covered the highest percentage of surface
(36mm2) with nodules above 30µm (Figure 5.29a-c). maximum height of the nodule
was detected in normoxia 9g/L (Figure 5.29d).
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Figure 5.28 – Effect of DMOG on bone nodule formation in moderate glucose environment analysed
by microscopy techniques. Both DMOG 250 and 500µM improved nodule formation in normoxia 9g/L.
Whilst, DMOG 1000 had inhibitory effect.
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Figure 5.29 – Phase maps and morphological quantification analysis of DMOG treated osteoblasts in
high glucose environment. Phase maps of normoxia 9g/L+ DMOG250(a)and normoxia 9g/L+
DMOG500 (b). (c) Normoxia 9g/L+DMOG250 formed more nodules compared to that of normoxia 9
g/L+ DMOG500 (d) Normoxia 9g/L showed the maximum nodule height. Values are mean ± SD; n=
3. **** P £ 0.0001, *** P £ 0.001
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Both normoxia 9g/L+ DMOG250 (Figure 5.30a,b) and normoxia 9g/L+ DMOG500
(Figure 5.30c,d) exhibited osteoblasts embedded within a collagenous ECM.
However, normoxia 9g/L+ DMOG250 exhibited larger and more dense mineralised
nodules. Moreover, less oriented collagen fibres were observed in normoxia 9g/L+
DMOG500 compared to normoxia 9g/L+ DMOG250.
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Figure 5.30 – TEM micrographs of osteoblasts treated with DMOG in high glucose environment. (a,b)
Normoxia 9g/L+ DMOG250 (c,d) Normoxia 9g/L+ DMOG500. Both conditions showed osteoblasts
(OB) embedded within an ECM. Collagen (COL) formation was also observed in both conditions.
However, normoxia 9g/L+ DMOG250 formed denser nodules.
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5.4 Discussion
Summary:
In this chapter, we demonstrated that nodule formation is dependent on glucose
concentration. Moderate (4.5g/L) and high (9g/L) glucose conditions inhibited bone
nodule formation. However, adding HIF stabilisers (cobalt and DMOG) appeared to
restore nodule formation. In addition, both cobalt and DMOG enhanced VEGF
production in moderate and high glucose environments (day 7). Controlled release of
HIF stabilising cobalt ions from BG, may be a promising strategy for patients with an
impaired HIF-1α pathway (e.g. diabetic or elderly patents) and lead the development
of new ranges of BGs for patients with specific diseases.

5.4.1 How Do Moderate and High Glucose Environments Affect
Metabolic Activity and Proliferation?
Hyperglycaemia and hypoxia regulate glycolysis through different but additive
mechanisms. Hyperglycaemia promotes ATP generation under hypoxic condition.
This additive effect and electrons and protons accumulation in a pool of free reduced
nicotinamide adenine dinucleotide (NADH) and subsequently augmented metabolic
pathway may accelerate the onset of diabetic complications such as retinopathy and
impaired bone regeneration [573]. Increased NADH production may be associated
with polyol (sorbitol) pathway. Polyol pathway is responsible for converting glucose
to sorbitol and then oxidising sorbitol to fructose. Fructose produces NADH and
induces mitochondrial superoxide production and augments metabolic activity in high
glucose environments [574, 575]. According to Nyengaard et al. (2004) inhibition of
sorbitol pathway only prevents NADH and triose phosphate production under high
glucose conditions and not under hypoxia [573]. Therefore, in can be concluded that
hypoxic effects on sorbitol pathway partially counterbalanced the glucose effects
which results in higher metabolic activity in high glucose hypoxic conditions.
Numerous studies have investigated the possible interactions between hyperglycaemia
and hypoxia in different cell types and consequent metabolic imbalances including
increased free radical generation and enhanced phosphate accumulation [576-579]. In
this study, improved metabolic activity was observed in both moderate (4.5g/L) and
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high (9g/L) glucose hypoxic environments compared to low glucose (1g/L) hypoxia
where metabolic activity was sharply decreased after day 3. Theses finding
corroborate the previous studies by Kim et al. (2006) and Solaini et al. (2010) which
show that the inhibition of mitochondrial aerobic metabolism under low glucose
hypoxic condition and consequently reduced oxidative phosphorylation enforce cells
to use the available glucose for ATP generation and glycolysis. Therefore causing an
initial increase in metabolic activity of low glucose hypoxia and a sharp decrease upon
consumption of glucose supply [483, 580]. Concurrent with these findings, the data in
this study a has shown that in presence of exogenous glucose, the metabolic activity
progressively increased.
Addition of both 4.5g/L and 9g/L glucose under normoxic condition did not alter
metabolic activity up to day 14 compared to low glucose normoxia; however, a
decrease in both concentrations were observed between days 14 and 21. These results
corroborates and extends previous findings by Patane et al. (2002) who found that
chronically exposure to high glucose alters mitochondrial function via PRAR-g
pathway, impairs glucose oxidation and decrease ATP production [581].
Although moderate and high glucose hypoxic conditions exhibited similar
proliferation compared to that of low glucose hypoxia on day 21, a delayed increase
and decrease was observed in glucose treated conditions which may be associated with
impaired (possibly delayed) HIF-1a stabilisation under hyperglycaemic conditions
[372]. The decrease under low glucose hypoxic condition has been reported to be
associated with the HIF-1a binding to MCM DNA helicase and decreasing activating
kinase Cdc7 expression and therefore decreasing proliferation of osteoblasts [485].
Unlike low glucose normoxia, moderate and high glucose normoxic conditions
progressively increased proliferation which might be associated with lack of nodules
and easier cell lysing for DNA extracting. This finding ,somehow, support the results
form a study by Terada et al. (1998) where high glucose (8.9g/L) inhibited
proliferation due to increased accumulation of intercellular sorbitol content after 7
days [582]. However, in that study glucose conditions below 8.9g/L did not affect
osteoblast-like osteosarcoma (MG-63) cells, while in our study, even 4.5 g/L
decreased proliferation of primary rat osteoblasts after 14 days. The reason behind this
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difference may lie in the source of the cells and differences between cancer and
primary cells.

5.4.2 How Do Moderate and High Glucose Environments Affect
Angiogenic Response?
Diabetic patients have been shown to have impaired angiogenesis and reduced VEGF
production mainly induced by loss of modulatory role of endothelium [583-585]. In
this study, a concentration dependent increase was observed in both moderate and high
glucose hypoxic and normoxic environments on day 1. Whilst, on day 7, low glucose
conditions exhibited the highest VEGF production and a concentration depend
decrease was detected in moderate and high glucose. Inhibitory effect of glucose in
normoxic conditions after 7 days may be associated with the reduced VEG receptor
activity and signalling [586]. Moreover, the noticeable increase in all hypoxic
conditions on day 1 compared to day 7 revealed the critical role of HIF-pathway in
inducing angiogenesis and impairment of HIF-1a stabilisation in diabetic
environments [371]. The inhibitory effect of glucose on VEGF production on day 7 is
concurrent with the previous findings which have shown impaired hypoxic induction
of VEGF in moderate and high glucose conditions [587]. Moreover, glucose
conditions under hypoxia reduced VEGF production further than normoxia on day 7
which may suggest dual effect of reduced activity of VEGF receptor and HIF-pathway
impairment on osteoblasts in hypoxia.

5.4.3 How Do Moderate and High Glucose Environments Affect
ALP Activity?
Neither moderate (4.5g/L) nor high (9 g/L) glucose at normoxia promoted ALP
activity compared to low glucose normoxia after 21 days. This finding coincides with
a study conducted by Cunha et al. (2014) on mouse calvarial osteoblasts where ALP
expression was decreased by 50% in 30mM (5.4g/L) glucose environment [588].
Moreover, Gopalakrishnan et al. (2006) has reported that 16.5mM (2.9 g/L) and
49.5mM (8.9g/L) high glucose conditions also decrease the ALP activity during
BMSCs differentiation [589]. In another study, 12mM (2.1g/L) glucose at normoxic

188

level has been reported to enhance ALP activity compared to low glucose normoxia;
however, 24mM (4.3 g/L) glucose decreased ALP activity [421]. Therefore, it can be
concluded that glucose concentrations above 2.9 g/L can have inhibitory effects on
ALP activity.

5.4.4 How Do Moderate and High Glucose Conditions Affected Bone
Nodule Formation?
Both moderate (4.5g/L) and high (9g/L) glucose normoxic conditions noticeably
reduced nodule formation compared to low glucose (1g/L) normoxia. This finding is
in accordance with the previous study by Pereira et al. (2017) which has shown that
glucose at concentration of 22mM (3.9g/L) considerably reduced nodule formation
[381]. Other studies have also confirmed reduced mineralisation and differentiation
capacity of osteogenic cells under high glucose condition both in vitro [421] and in
vivo [378, 590]; however, only Pereira et al. [381] has investigated the glucose effect
on bone nodule formation (following the same protocol as this research) and others
have just examined the early osteogenic markers.
Reduced ALP activity under moderate and high glucose conditions also confirmed the
effect of glucose on attenuated differentiation capacity of osteoblasts and therefore
reduced mineralisation [588, 591]. TEM micrographs also revealed presence of
collagen fibres in both moderate and high glucose conditions which confirm ECM
synthesis. Moreover, other studies have reported that despite increase in collagen
formation, mineralisation capacity is reduced due to decreased ALP activity and
consequently imbalanced calcium and phosphate deposition under high glucose
conditions [592-594]
A study by Terada et al. on osteoblast-like cells (MG-63) has revealed that impaired
polyol (sorbitol) pathway and consequently intercellular sorbitol accumulation in
glucose level of 49.5 mM (8.9g/L) appeared to be associated with the inhibitory effect
of glucose on mineralisation [582]. Moreover, Garcia-Hernandez et al. (2012) has
shown that activity of ALP enzyme is closely correlated with the quality of the HA
crystals and although high glucose conditions (4.3g/L) increases the rate of the
mineralisation, the minerals are immature and have low carbonate to phosphate ratio
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[421]. Further Raman studies are needed to confirm this hypothesis in our samples. In
this study, Raman data was not presented for high glucose samples due to smaller size
of nodules and consequently less accurate spectra.
Surprisingly, less dystrophic mineralisation and collagen formation were observed in
moderate and high glucose hypoxic conditions compared to that of low glucose
hypoxia. effect of glucose increasing collagen formation and less dystrophic

5.4.5 How Do Cobalt and DMOG Affected Metabolic Activity and
Proliferation in Moderate and High Glucose Environments?
Cobalt and DMOG did not significantly improve metabolic activity and proliferation
in both moderate and high glucose levels. All concentrations of DMOG exhibited
reduced metabolic activity and proliferation compared to that of cobalt which might
be associated with the toxic effect of DMOG. This may suggest that metabolic activity
in high glucose levels is not HIF-dependent.

5.4.6 How Do Cobalt and DMOG Affected Angiogenic Response in
Moderate and High Glucose Environments?
Both cobalt and DMOG in moderate and high glucose conditions exhibited improved
VEGF production after 7 days compared to glucose conditions without HIF stabilisers.
This also coincides the study by Mace et al. (2007) which indicated that treatment
with cobalt can restore HIF-1a expression and consequently increase VEGF
production in a diabetic mouse model [595]. These findings are in accordance with
the previous studies claiming impaired HIF-1a activity [371, 372, 587] and therefore
suggest successful stabilisation of HIF-1a under glucose conditions.

5.4.7 How Do Cobalt and DMOG Affected ALP Activity in
Moderate and High Glucose Environments?
Addition of DMOG but not cobalt increased ALP activity. These findings corroborate
previous findings in Chapter 3 (section 3.4.3) where among HIF stabilisers only
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DMOG in low glucose environment exhibited increased ALP activity and also in
accordance with a study by Wu et al. (2012), which has shown that cobalt showed no
obvious differences (P > 0.05) in ALP activity and ALP activity was comparable with
normoxia [316]. Whereas, DMOG 250µM exhibited significantly increased (P ≤
0.0001) ALP activity up to day 21. This finding is also in accordance with Zhang et
al.’s research (2016) where addition of DMOG enhanced ALP levels of BMSCs after
3,7 and 21 days. This study concluded that DMOG increased ALP via activation of
Rho/ROCK pathway [510]. Furthermore, difference mechanism of action in these two
HIF stabilisers might also be associated with these findings.

5.4.8 Does Addition of Cobalt and DMOG Promote Bone Nodule
Formation in Moderate and High Glucose Conditions?
Adding cobalt and DMOG, two most common HIF stabilisers, to moderate and high
glucose cultures promoted bone nodule formation and compensated the inhibitoryinduced effect of glucose. This finding corroborates the widely accepted phenomenon
of HIF-1a dysfunction in diabetes [371, 373]. Although the deleterious effect of
hypoxia and HIF-pathway on bone nodule formation and the underlying mechanisms
are still controversial, a few mechanisms have been suggested including excessive
ROS production and increased sensitivity of HIF-1a to VHL protein in high glucose
conditions [372].
Under high glucose hypoxic conditions, augmented oxidative stress and ROS
generation have been reported to degrade HIF-1a by increasing PHD and ubiquitinproteasome activities [596, 597]. ROS can also reduce NO concentrations via
increasing O2- production and therefore inhibit HIF-1a activity [598, 599]. In low
glucose conditions NO progressively induce HIF-1a accumulation [600]. The other
hypothesis is increased sensitivity of HIF-1a to VHL protein in high glucose
conditions. Botusan et al. (2008) has demonstrated that cells lacking VHL did not
exhibit hyperglycaemic-induced HIF-pathway impairment [601].
Moreover, increased VEGF levels induced by both cobalt and DMOG in moderate
and high glucose conditions also confirmed the importance of HIF-pathway in bone
nodule formation and the coupling effect of angiogenesis and osteogenesis.
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5.5 Conclusion
This chapter showed that moderate (4.5g/L) and high glucose (9g/L) level conditions
reduced ALP activity, VEGF production and inhibited effects on bone nodule
formation. However, addition of HIF stabilisers (cobalt and DMOG) promoted nodule
formation and upregulated VEGF production which confirm successful activation of
HIF pathway in diabetic environments and its important role. Hypoxia did not improve
nodule formation in both moderate and high glucose conditions which means this
inhibitory effect is not HIF-dependent and is associated with the low oxygen level.
Taken together, using HIF stabilisers may offer new therapeutic approaches for
promoting bone regeneration in diabetic patients.
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Chapter 6

Overall Discussion and Conclusion

6.1.1 Validity of the Bone Model
This study used an in vitro rat calvarial neonatal bone model as previously described
by Utting et al. (2006) [268], cultured in 20% and 1% oxygen conditions (separate
incubators) and various hyperglycaemic conditions. There are a number of limitations
and assumptions in relating the result of these models to human bone regeneration.
Cell Type
Interspecies variation exists between rat osteoblasts (as used) and human osteoblasts,
which raises concerns regarding when extrapolating the results of these studies to
human clinically relevant conditions. A number of differences between human bone
and rat bone has been reported including mineral to matrix ratio of cortical bone (rat
has more matrix than human) [602], and these dissimilarities are understandable
considering the different mechanical loading demands. Differences in the bone
regeneration capacity between the species is less clear but some in vitro differences in
terms of proliferation rate, the differing need for supplements and mineralising
phenotype have been described between osteoblasts isolated from these species [603].
The use of human cells would therefore be preferable and more clinically relevant but
come with a number of issues including considerable phenotypic heterogenicity,
availability tissues from younger/non-diseased adults, increased culture time and
reduced mineralisation capacity (as reviewed by Czekanska et. al. 2012) [604].
It is evident from analysis of the bone nodules produced in within this thesis using the
rat calvarial model that reproducible, (comparatively) large nodules are produced that
have a similar biochemical structure to native and a distinct border (no Alizarin red
bleeding), which is considerably different to the images of in vitro bone nodules
formed by human osteoblasts (e.g. as reported by Taylor et. al. 2014 [46] or Gentleman
et.al 2009 [246]). Although quantitative comparison is difficult due to the lack of
measurements reported in the literature on the size of bone nodules (to date there are
no studies reporting human osteoblast bone nodule dimensions). The cell type used
therefore provides a reliable method for producing bone similar to native tissue.
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Human immortalised or cancerous cells can also be used e.g. SaOs-2, which have been
widely reported to be capable of differentiating into cells capable of producing a
mineralised ECM [539]. There is, however, debate about the similarity of the bone
nodules formed by these cells to native bone, with unconvincing characterisation
methods and imaging leading some authors to believe that this is dystrophic
mineralisation [268].
Osteoblast cells from skull, unlike long bones that form new bones by an endochondral
sequence, exhibit different bone formation mechanism and form bone directly through
intramembranous ossification without a cartilage intermediate. However, it has been
recently shown that cells from both sources behave in a similar manner in vitro [46,
446]. Furthermore, osteoblasts derived from calvariae have been reported to yield
lower amounts of marrow as compared with those of scapulae from ossicles of bones
[605, 606]. In future, if suitable conditions can be found to grow human bone reliably,
we would like to use primary human osteoblasts. Using the multi-disciplinary
methodologies outlined in this thesis would also be interesting to compare bone
nodules formed from different species and cell types.
6.1.1.1 Oxygen Level

Only about 1-9% of the ambient oxygen tension (~20% O2) we breathe reaches our
tissues and varies throughout our tissues [607]. Oxygen level is thereby an important
signalling fact and different cell types respond in differently to different oxygen levels.
The oxygen level in a healthy human femur is ~ 9.4% and upon fracture, it reduces to
1.54% [255, 256]. In a fracture haematoma of a rabbit model, 0.8% O2 and 3.8% O2
were observed 2 days and 4 weeks post-fracture, respectively [608]. Consequently,
different oxygen levels are likely to cause different behavioural changes to cells
involved in bone regeneration, including osteoblasts. A study by Utting et al. (2006)
investigated the effect of oxygen levels between 0.2% and 20% on bone nodule
formation and found slight inhibition of nodule formation in 12% and 5%, strong
inhibition in 2% and 1% and complete inhibition in 0.2% [268]. Therefore, in this
study we conducted the experiments at 1% O2 for the hypoxia and at 20% O2 for
normoxia. Although 20% O2 does not represent the pathophysiological oxygen levels
in vivo, the majority of in vitro studies have been conducted at this level. The duration
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of hypoxia may also be important in influencing cell behaviour at the fracture site, in
our study we cultured cells in 1% oxygen through the 21 days culture. Changing the
oxygen pressure e.g. 7-10 days at 1% followed by 5-10% oxygen, may better mimic
the restoration of vascularity in fracture site and thereby inform HIF pathway
interventional approaches.
6.1.1.2 HIF Stabilisation

Cobalt and DMOG have been shown by numerous studies to stabilise HIF-1α in both
cancerous and primary osteoblasts [261, 323, 490, 497, 609]. Moreover, HIF-1α
stabilisation using both cobalt and DMOG at concentrations used in this study have
been shown within our lab and sister groups (Imperial college) with TransAM HIF1α assay (active motif) [533]. Due to the amount of ECM formation in our bone nodule
model, extraction of DNA/nucleus proved to be difficult and unreproducible, we were
therefore unable to perform quantification of HIF-1α within the nucleus of treated
cells. Other approached to confirm HIF-1α stabilisation could be used, including the
use of HIF-1α inhibitors such as echinomycin [610], but the toxicity of these inhibitors
for long-term cultures is also an issue. It would also be useful to image HIF-1α
stabilisation (and hypoxia) within bone nodules, to localise the effects of HIF-1α
stabilising chemicals and what is probably a hypoxic bone nodule core.
6.1.1.3 2D or 3D

Cells have been shown to behave differently in 3D than 2D [611]. A few publications
have reported bone nodule formation on 3D bioceramics scaffolds [511, 612] and one
study has investigated 3D bone nodule formation within hydrogels using osteoblasts
[613]. However, as discussed previously (chapter 3), whether these mineralised
structures are nodules rather than spontaneous calcification is still under debate.
Indeed, the only characterisation techniques used in these studies were SEM and
Alizarin red calcium staining. Furthermore, on the cellular level microporous scaffolds
would be perceived as 2D by cells as opposed to the nano structure of a hydrogel
[614]. The importance of mechanotransduction, (converting mechanical stimuli into
biochemical signals), in bone cells have been widely investigated [615-617]. For
instance, different levels of substrate stiffness have been shown to affect osteogenic
differentiation of embryonic stem cells [618] where enhanced bone differentiation by
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stem cells was observed on stiff substrates compared to soft substrates. Osteoblasts in
3D hydrogels are likely to have different shape than on 2D substrate and transmit
mechanical force differently via the cellular actin cytoskeleton and cell-matrix
adhesion [35]. Mechanical loading has been shown to influence osteoblasts behaviour
[33, 34]. Kimet et al. (2015) reported that the morphological changes associated with
the substrate stiffness are regulated via Rho-ROCK pathway, a mechanotransduction
pathway responsible for cytoskeletal reorganization [619, 620].
As cells in the body are likely to be in a 3D environment, 3D models would certainly
be useful for increasing the relevancy of the in vitro analysis for both investigating
bone diseases and understanding bone remodelling for tissue engineering. To date,
although great progress has been made in 3D culture techniques, there remain
limitations regarding oxygen diffusion and suitability of the hydrogel.
In this study, preliminary 3D hydrogel scaffolds using a RAFT compressing system
with a high collagen density and a 150µm thickness were developed. Bone nodules
appeared to be formed earlier in 3D (using the same culture approach as described in
chapter 2) in the compressed hydrogels (Appendix B). Further characterisation of
these bone nodule is, however, required.
Moreover, scaffolds with successful controlled ion delivery system were fabricated by
incorporating 4%CoBG particles into hydrogels (RAFT compressed and
uncompressed) (Appendix C). Initially the incorporation of CoBGs into hydrogel
scaffolds presented some problems. Collagen requires a very acidic pH to be kept in
solution. However, addition of 4%CoBG particles caused a drastic pH change that
caused collagen precipitation within a few seconds. Several protocols were examined
to prevent collagen precipitation including adding CoBGs directly to collagen, preincubation of CoBGs in 10 X MEM for 24 hours before fabrication of the scaffold and
preparation of CoBG solutions in acetic acid. However, the only successful method
was preparation of CoBG solution in 10 X MEM right before adding to collagen
followed by neutralising using NaOH and HEPES to avoid pH change. Cobalt ion
release concentrations from both compressed and uncompressed scaffolds were above
the biologically relevant range defined in this research. Therefore, further
investigations with lower CoBG content alongside with combining the 3D models of
nodule and CoBGs are needed.
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6.1.1.4 Bone Nodule Formation Supplements and Bioactive Glass ions

Hydroxyapatite crystal formation during bone mineralisation requires phosphate. In
the body, alkaline phosphatase (ALP) is responsible for providing phosphate via
hydrolysing phosphate containing substrates such as adenosine triphosphate (ATP)
and inorganic pyrophosphate. In this in vitro model, phosphate is added in form of βGP. The concentration of β-GP used for bone nodule formation is of pivotal
importance. While extensive amount of research work in this field has been carried
out using concentration range of 2 to 10mM of β-GP, recent studies have shown that
concentrations higher than 2mM β-GP (5-10 mM) cause dystrophic mineralisation
[46, 47]. This is an important consideration when using BG conditioned media which
releases P and Ca. The ICP results revealed that P was released from the BG in water
but quickly precipitated out of solution, probably as Ca-P [621]. In media this reaction
occurred prior to ICP measurement (refer to chapter 4). Whilst ALP may be able to
able to provide sufficient P still it is important to consider the effect of additional Ca
and P ions when investigating bone nodule formation in vitro. Indeed, a recent paper
by Obata et.al (2016) revealed that similar Alizarin Red staining was observed in
cultures with osteoblasts to those without osteoblasts [537].
Osteoblasts were cultured in a-MEM in this study. Primary rat osteoblasts kept in
Dulbecco’s modified Eagle medium (DMEM) can also become mineralised and form
bone nodule; however, bone nodules tend to appear 2-3 days earlier in a-MEM due to
its higher levels of amino acids and nucleosides compared to DMEM. Furthermore,
a-MEM can mimic the natural protein composition of the cells more closely [46].
6.1.1.5 Hyperglycaemic Model

In diabetic patients, the term hyperglycaemia is used for blood glucose concentrations
above 70-110mg/dL (0.7-1.1g/L) [563]. Hyperglycaemia leading to organ damage
generally start appearing at glucose concentrations above 250-300mg/dl (2.5-3 g/L)
[622]. In our model we used a range of glucose from 1g/L (normal), 4.5g/L (moderate)
and 9g/L (high), this high value is very unlikely to be present in patients (especially in
controlled diabetes) but is useful to see extreme effects on cells. Hyperglycaemia is
known to inhibit ALP activity, an in vitro study by Gopalakrishnan et al. (2006) has
reported that 6.5mM (2.9g/L) glucose exhibited inhibitory effects [589]. Therefore, it
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can be concluded that the effective in vitro range of glucose is slightly higher than in
vivo. For this reason, majority of studies use a range of glucose between 4g/L-9g/L
[381, 421, 582, 589].
Moreover, in diabetic patients, other factors such as the presence of advanced
glycation end products (AGEs) within cells and varying insulin levels are also known
to interfere with the bone regeneration and metabolism (refer to Section 6.1) [623]. A
limitation of the simple high glucose model used is, therefore, the lack of inclusion of
other factors present in diabetic patients in vivo, which may affect the relevance of the
model. Indeed, AGE molecules are known to inhibit the HIF pathway and possibly
effect calcification [624]. The advantage of simple models is, however, delineating the
complexity that is in vivo.
6.1.1.6 Characterisation of nodule

The majority of bone nodule studies have used staining techniques such as Alizarin
red calcium staining and Von Kossa phosphate to characterise mineralised nodules
[539, 625, 626]. However, as displayed in chapter 3, staining techniques do not
distinguish between spontaneous calcification and bone nodule [460, 461]. For the
characterisation of bone nodules, it is also important to have quantitative findings (in
addition to images) to better compare nodules between studies and to compare in vitro
mineralised structures to native bone. Therefore, a combination of biochemical,
microscopic imaging and morphological quantification is needed for nodule
characterisation. Numerous studies (~50) have performed nodule size quantification
using different techniques such as counting stained nodules manually under
microscope or using imaging software such as IMAGE J and FluorChem and
measuring absorbance of the extracted dye using microplate reader [268, 344, 498,
627]. This study, for the first time, performed morphological quantification of the
nodules using interferometry which allows you to determine the height and
dimensions of the nodules. 3D digital imaging microscopes could also be used to
quantify nodule size, shape and volume.
In diabetic patients, dark intracellular objects were observed, and due to the unknown
role of high glucose, TEM characterisation combined with EDX mapping would also
be needed to confirm if the mineralised structures detected in TEM micrographs are
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apatite. Moreover, TEM + EDX enables mapping ions such as Si within nodules. AFM
cannot be used in this study due to nodules rough surface. Furthermore, the bone
nodules in this study obviously cannot have the same mechanical and functional
properties as native bone and mechanical properties measurement is required.
However, due to small sample size using techniques such as compression testing and
microindentation was not achievable.

6.1.2 Developing HIF stabilising materials for bone regeneration
This thesis discusses the possible use of cobalt (HIF stabilising) BG scaffolds for bone
regeneration. These may be especially useful in patients that have impaired bone
healing due to a compromised HIF pathway (such as hyperglycaemic patients). This
is a new approach for the use of BGs which have, until now, been developed as bone
fillers for all patients regardless of underlying disease or age. Creating BGs with
different ion release profiles e.g. Si, Sr or Co, for specific patient cohorts (a stratified
or personalised approach) is not only possible but probably favourable in the evolution
of this field.
Furthermore, to mimic regenerative process in the body, such as the multiple stages
of bone fracture repair, it may be favourable to develop new BGs or BG constructs
that release different therapeutic ions at different stages of repair. For example, HIF
pathways stabilisation through cobalt release should perhaps only be released for 1-5
days, prior to the release of other ions that promote osteogenesis e.g. like the reported
properties of Si [628]. This may be achieved through manufacturing bi-layered BG
particles or bioactive additive manufacturing processes using different materials
[629].
Cobalt release from bioactive glasses, to target the HIF pathway, has a number of
advantages in terms of the simplicity and low-cost manufacture, together with precise
control of release dynamics. Cobalt (and other therapeutic ions released from BGs)
are, however, likely to interfere with a number of cellular pathways and therefore have
a low specificity. For example cobalt inhibition of the Prolyl Hydroxylase (PHD)
involved in HIF degradation, is likely to inhibit the activity of a number of PHDs
involved in a number of cellular process, including collagen synthesis [630]. More
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specific HIF activators and inhibitors have and are being developed, including small
peptide inhibitors [631]. The delivery of these more specific inhibitors also comes with
disadvantages including; delivery mechanism, entry into cells, biological stability and
short half-live, manufacture cost and efficacy.

6.2 Conclusion
Hypoxia and the HIF pathways were demonstrated to have important roles in bone
nodule formation. The development of materials that can regulate the HIF pathway, in
a controlled manner, may offer considerable promise for the treatment of bone defects,
especially in patients with have impaired oxygen sensing pathways (e.g. diabetic
patients). The research project also highlighted the need for a more standardised
approach to reporting bone nodule characterisation in vitro, in particular for the need
to ensure that the mineral component is associated with extracellular collagen (similar
to native bone) and for quantification of nodule size. This would allow better
understanding of bone development and bone disease modelling, together with more
measurable determination of treatment success
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Appendix
Appendix A.
Table A1–Effect of hypoxia and HIF stabilisers on macrophages polarisation
Induced by

Type of
hypoxia

Duration

[284] BMDM

0.5%O2

[285] PBMC

Cells

Expressed Cytokines/chemokines/markers

M1

M2

24h

LPS/IFN-g

IL-4

IL-12 IL-1b IL-6 CXCL12

IL-10 -

M1

1% O2

24 h

LPS

IL-4

TNF-a IL-12 CD80 CCL18

CD206 TGF-b -

M2

[286] BMDM

1% O2

24h

LPS/IFN-g

IL-4

iNOS

Arg-1

M2

[287] RAW264.7

1%O2

40h

-

-

IL-12 IFN-g IL-18 -

IL-10 -

M1

[287] RAW264.7

1%O2

40h

LPS

-

IL-12 IFN-g IL-18

IL-10 -

M1

[288] RAW264.7

1%O2

96h

-

IL-6

IL-12 IL-6 CXCL10

Arg-1 IL-10

M2

[271] BMDM

1%O2

14h

-

-

-

Arg-1

M2

[271] TEMP

1%O2

14h

-

-

iNOS

Arg-1

M1+M2

[271] TEMP

1%O2

16h

IFN-g

-

iNOS

Arg-1

M1

[289] BMDM

1%O2

24h

-

-

IL-1b IL-6 Nos 2 TNF-a -

IL-10 - Mrc1 -

M1

[290] J774

CoCl 2

6h

-

-

iNOS NOX2 IL-6

Arg-1

M2

[290] J774

CoCl 2

6h

-

IL-4/IL-13

-

Arg-1

M2

[290] J774

CoCl 2

6h

LPS

-

iNOS NOX2 IL-6 -

-

M1

[291] RAW264.7

CoCl 2

24 h

-

-

IL-1b IL-6 IFN-g

IL-10

M1

[290] PBMC

CoCl 2

12h

LPA*

-

TNF-a IL-6 CD80 CD40

TGF-b

M2

[284] TEMP

DMOG

48h

-

-

IFN-g

-

M1

[292] TEMP

DMOG

2h

-

-

iNOS

Relm-a

M1

[292] TEMP

DMOG

2h

LPS

-

iNOS

IL-10

M2

[292] Mouse serum

DMOG
(In vivo)

2h

LPS

-

TNF-a IL-6 - IL-1b -

IL-10

[292] Mouse serum

DMOG
(In vivo )

2h

-

Chitin

iNOS

Arg-1 Relm-a

[293] RAW264.7

**VCE
(004.8)

18h

IL-17+LPS

IL-4

TNF-a IL-6 CCL2

Arg-1 IL-10 -

[293] RAW264.7

VCE
(004.8)

18h

-

-

-

Arg-1
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M1

M1/M2

M2

M2

M2

M2

M2

Appendix B.

a

b

200µm

200µm

Figure A1– Optical microscope images of bone nodules formed in 3D compressed
collagen scaffolds on a) day 14 and b) day 21, using the RAFT system.

Appendix C

a

b

Figure A2– Controlled release of cobalt ion from 3D hydrogel scaffolds containing
4%CoBG a) compressed b) uncompressed.
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