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Abstract 

Glucocorticoids (GCs) are extensively utilised in the management of chronic 

inflammatory polyarthritides, such as rheumatoid arthritis (RA) due to profound anti-

inflammatory properties. However, their prolonged use results in the development 

of adverse effects, which limit their therapeutic application. Such adverse effects 

include systemic bone loss, which may be mediated by 11β-hydroxysteroid 

dehydrogenase type 1 (11β-HSD1) – an enzyme which works bidirectionally to 

convert inactive GCs to their active counterparts. 11β-HSD1 is highly expressed in 

osteoblasts (OBs) and potently induced by combinations of GCs and inflammatory 

factors. Hence, inhibiting 11β-HSD1 may be an effective mechanism by which the 

side effect profile of GCs can be managed. This thesis studied the role local steroid 

metabolism has on the inflammatory suppression of osteoblast differentiation, with 

the aim to provide valuable insights into how endogenous glucocorticoids mediate 

bone protection in response to inflammation and inform future therapeutic 

approaches. Primary cultures of human osteoblasts were established and the 

inflammatory suppression of their differentiation and function was characterised 

using alizarin red staining, RT-PCR and ELISA. The role of steroid metabolism in 

this process in response to endogenously derived steroids in combination with 

selective inhibitors of steroid metabolism was assessed by TLC using radio-labelled 

steroids. These findings were examined in vivo using mouse models of chronic 

inflammation with osteoblast targeted disruption of steroid metabolism, where the 

bone phenotype was assessed by micro-CT. Our results validated strong 

synergistic upregulation of 11β-HSD1 in GC activation in OBs in response to pro-

inflammatory mediators and in combination with GCs. This increase in 11β-HSD1 

was shown to be functional, where GCs exerted a negative effect on OB formation 

as they suppressed collagen formation and suppressed osteoblast differentiation. 

Some suppression of pro-inflammatory mediators was also observed. However, the 

murine models show limited changes in the architecture of cortical bone following 

GC treatment, implying that 11β-HSD1 is not influencing cortical bone metabolism 

over the timeframes studied in this thesis. Whilst limited changes were seen in 

cortical bone, further analysis of trabecular bone and other bone parameters are 

required to fully understand the role of therapeutic GCs.  
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1.1. Glucocorticoids in the management of chronic inflammation 

Chronic inflammatory polyarthritides such as rheumatoid arthritis (RA) are 

conditions characterised by dysregulated inflammatory processes in the synovial 

joints, which are accompanied by cartilage damage, juxta-articular bone loss and 

extra-articular features including inflammatory osteoporosis and muscle atrophy 

(Van Staa et al., 2006; Gullick and Scott, 2011; Hafez et al., 2011). The profound 

anti-inflammatory properties of glucocorticoids (GCs) have made them the first 

choice of therapeutics for the management of chronic inflammatory diseases. 

However, their prolonged use results in the development of adverse off target 

effects, which limit their therapeutic application (Silverstein et al., 2000; Smolen et 

al., 2016; Littlejohn and Monrad, 2018). In this thesis, we explore the role of GCs 

and their local metabolism and activation within bone forming cells known as 

osteoblasts, in mediating the adverse off target actions of GCs in the context of 

chronic inflammatory polyarthritis.  

 

1.2. Discovery of glucocorticoids  

The physiological and biochemical discovery of GCs began in the early 20th century 

with Philip Hench and Edward Kendall who investigated the ability of GCs to 

suppress the clinical manifestations of inflammation-associated conditions, 

particularly rheumatoid arthritis (RA) (Hench et al., 1949). In 1950, Hench and 

Kendall in tandem with Tadeusz Reichstein, a Swiss scientist who also 

independently isolated cortisone from the adrenal glands, were presented the Nobel 

Prize in Physiology and Medicine. Since their discovery, GCs have been the focal 

point of many studies due to their anti-inflammatory therapeutic potential in human 

disease.  
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At present, synthetic GCs form the basis for the management of numerous 

inflammatory and autoimmune diseases, with around 1% of the UK and US adult 

population receiving GCs (van Staa et al., 2002; Overman et al., 2013; Laugesen et 

al., 2019). Despite their success, the use of systemic GC therapy is hampered due 

to the occurrence of adverse reactions in approximately 70% of patients. These 

include abdominal obesity, diabetes, hypertension, muscle wasting and 

osteoporosis (van Staa et al., 2002; Curtis et al., 2006; Fardet et al., 2007). Hence, 

there is a clear need for the development of targeted GC therapies where the 

therapeutic outcome is optimised, and the risk of adverse effects is minimised. 

 

1.2.1. Physiological functions of endogenous glucocorticoids 

Endogenous glucocorticoids are a class of steroid hormones which constitute an 

integral component of glucose homeostasis in both the resting state and the stress 

response. Cortisol, widely known as the stress hormone, is the principal GC in 

humans along with its inactive metabolite, cortisone (Arlt and Stewart, 2005; 

Nicolaides et al., 2015).  

GCs also function to suppress glucose uptake and utilisation in skeletal muscle and 

adipose tissue (Di Dalmazi et al., 2012; Kuo et al., 2013). Moreover, GCs increase 

hepatic glycogen storage, and suppress insulin-mediated glycogen synthesis 

(Stalmans and Laloux, 1979; Ruzzin et al., 2005). GCs can also impact the function 

of pancreatic α-cells to increase the secretion of glucagon, which in turn increases 

the blood glucose levels (Wise et al., 1973; Rafacho et al., 2014). The resulting rise 

in serum glucose can be used to fuel the brain so that maximal function can be 

promoted during stress. Further effects of GCs on glucose homeostasis in 

peripheral tissues are outlined in illustrated form in figure 1.1.   
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Figure 1.1: Actions of glucocorticoids (GCs) on glucose homeostasis in 
peripheral tissues 

Glucocorticoids are essential to life. Deficiencies in the endogenous GC, cortisol, 

result in Addisonian crisis and death secondary to low blood glucose, loss of 

permissive blood pressure and elevated potassium levels (Bornstein et al., 2016; 

Oprea et al., 2019). GCs are also necessary for the neonatal development and 

function of many organs, with the heart, lungs and bone being the principal targets. 

The importance of glucocorticoids in lung development have been highlighted 

through studies using global glucocorticoid receptor (GR) deficient mice, which die 

within a few hours post-birth because of respiratory failure (Cole et al., 1995). 

Similarly, endogenous GR signalling is vital for development and function of 

In stressful conditions, GCs regulate physiological process to ensure a constant 
glucose supply is available for the brain. To ensure this sustained supply, GCs 
regulate glucose metabolism in different organs. This is achieved by decreasing 
glucose uptake peripherally and stimulating hepatic gluconeogenesis. More 
specifically, in skeletal muscle, GCs suppress insulin-mediated glucose uptake and 
storage of glycogen, and induce protein degradation (through muscle wasting), 
which provides substrates for gluconeogenesis. In the liver, GCs stimulate 
glycogen storage, increase gluconeogenesis, and suppress rate-limiting enzymes 
regulated by insulin. The latter results in inhibition of insulin-mediated glycogen 
synthesis. In adipose tissue, GCs exert similar effects to those seen in skeletal 
muscle, i.e., decreasing glucose uptake and increasing lipolysis to generate 
precursors for gluconeogenesis. The function of pancreatic β-cells is inhibited by 
GCs, resulting in suppression of insulin secretion, whilst α-cells are stimulated to 
increase production of glucagon.  
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cardiomyocyte and vascular smooth muscle with GR deletion resulting in short, 

disorganised myofibrils, and an inability to induce genes required for contraction, 

calcium handling and energy metabolism (Rog-Zielinska et al., 2013; Oakley and 

Cidlowski, 2015). GCs are also critical for bone homeostasis (described in section 

1.4.6.).  

 

1.2.2. Suppression of inflammation by endogenous GCs 

Endogenous GCs possess potent anti-inflammatory and immunosuppressive 

properties through the suppression of a wide array of pro-inflammatory signalling 

pathways, (including NF-КB, AP-1 and p38MAPK) and induction of resolving factors 

mediators (such as annexins, IL-10, GILZ and DUSP-1) (Yang-Yen et al., 1990; 

Nissen, 2000; Nelson et al., 2003; Miller et al., 2005; Hoppstädter and Ammit, 2019). 

These pathways are discussed in greater detail in section 1.3.   

  

1.2.3. Regulation of glucocorticoid synthesis 

The hypothalamic pituitary adrenal (HPA) axis mediates the systemic release of 

GCs in response to various basal circadian factors and physiological stressors (see 

figure 1.2). Under basal (unstressed) conditions, the adrenal glands synthesise and 

release GCs into the blood in a circadian rhythm, with GC levels peaking in the 

morning in humans upon wakening. This peak is observed in the beginning of the 

night in rodents and other nocturnal animals.  

During stressful conditions, increased circulating GCs are glucose mobilising, 

inhibiting protein synthesis, stimulating proteolysis within the muscle, and promoting 

gluconeogenesis in the liver (Exton, 1979; Kraus-Friedmann, 1984). 
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Figure 1.2: The hypothalamic pituitary adrenal (HPA) axis 

Activation of the HPA axis invokes the production of corticotrophin-releasing 

hormone (CRH) from the hypothalamic paraventricular nucleus (PVN) neurons, 

which project to the median eminence where CRH is secreted into the hypophyseal 

portal circulation. CRH then travels to the anterior pituitary gland, where CRH binds 

to G-protein coupled receptors on corticotroph cells. CRH-cognate receptor 

interaction activates adenylate cyclase (AC) release and stimulates the transcription 

of the proopiomelanocortin (POMC) gene, which encodes adrenocorticotropic 

hormone (ACTH) (Aguilera, 1994). ACTH is then packaged into secretory vesicle 

The HPA axis contains different cell types which secrete distinct hormones. HPA 
axis is activated by diurnal rhythm, psychological and physical stressors. 
Neurones in the paraventricular nucleus (PVN) of the hypothalamus are 
responsible for the synthesis and secretion of corticotropin releasing hormone 
(CRH). CRH stimulates the anterior pituitary gland to produce adrenocorticotropic 
hormone (ACTH). ACTH is released into the general circulation, which in turn, 
triggers the synthesis and release of glucocorticoids (GCs) from the cortex of the 
adrenal gland GC, such as cortisol which generate a stress response. Cortisol 
also exerts negative feedback on endocrine cells of the anterior pituitary and on 
the CRH neurones of the hypothalamic PVN to prevent its overproduction. 

 

 

 

.  
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and released into the systemic circulation via exocytosis. ACTH vesicles travel to 

cortex of the adrenal gland. At the adrenal cortex, ACTH binds to the melanocortin 

2 receptors in the zona fasciculata (Hadley and Haskell-Luevano, 2006). This 

interaction results in the activation of AC cascade leading to an increase in cyclic 

adenosine monophosphate (cAMP) production and the stimulation of cholesterol 

biosynthesis which precedes GC production (Simpson and Waterman, 1988). 

Cholesterol is the precursor for GC production, which gets translocated from the 

intracellular stores to the outer mitochondrial membrane, from where steroidogenic 

acute regulatory (StAR) proteins promote the movement of cholesterol into the 

mitochondrial inner membrane. Cholesterol is then converted to an immediate 

precursor called pregnenolone, from which mineralocorticoids, GCs and androgens 

can be synthesized via the action of various key enzymes (see figure 1.3). Once 

synthesized, GCs are released into the circulation and can travel to different targets 

(see figure 1.1). 
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Corticosteroids have the capacity to regulate their own synthesis by a negative 

feedback mechanism, stopping the HPA axis from becoming overstimulated. To 

achieve this, GCs use both non-genomic (fast) and genomic (delayed) mechanisms. 

Non-genomic mechanisms induce endocannabinoid signalling which causes a 

reduction in the release of hypothalamic CRH, thereby decreasing the activity of 

CRH-containing hypothalamic neurones (Evanson et al., 2010). However, genomic 

mechanisms work by directly suppressing the expression of CRH and POMC in the 

parvocellular neurones and pituitary corticotropic cells respectively (Erkut et al., 

1998; Parvin et al., 2017).  

 

1.2.3.1. The HPA axis and circadian CLOCK system  

The HPA axis secretory activity is regulated by a complex crosstalk between the 

HPA axis and the circadian CLOCK system which is the suprachiasmatic nuclei 

(SCN) of the hypothalamus (see figure 1.4). This central component receives light/ 

dark signal via afferent neurones from the retina through the retino-hypothalamic 

tract and stimulates the diurnal release of GCs from the adrenal glands. The central 

component communicates with the HPA axis via efferent neurones which project 

from the SCN to the PVN. The peripheral CLOCKs, found in the adrenal glands, are 

modulated by the central CLOCK via the activation of sympathetic nervous system 

contributing to GC secretion. Circulating GCs influence the circadian rhythm by 

causing reset or delays of the peripheral CLOCKs via the transcription of CLOCK-

related genes, thus playing an important role in adjusting the body’s activity during 

periods of stress. The peripheral CLOCKS can impact the production of GCs in local 

tissues, creating a local feedback system which counter regulates the influence of 

the circadian CLOCKs on the HPA axis (Ulrich-Lai et al., 2006).  



24 
 

 

Figure 1.3: Circadian regulation of the HPA axis   

1.2.3.2. Inflammatory regulation of the HPA axis 

To maintain homeostasis, GCs modulate the inflammatory response and mediate 

the resolution of inflammation. Cytokines released as part of the innate or adaptive 

immune response can cause HPA activation. This results in the production of 

adrenal GCs, which exert a negative feedback action on the immune cells to prevent 

The suprachiasmatic nuclei (SCN), known as the central CLOCK, receives light/dark 

input and stimulates diurnal release of glucocorticoids (GCs) from the adrenal 

glands. The SCN, through the sympathetic nervous system, regulates the adrenal 

glands and other organs of the HPA axis which contain peripheral CLOCKs. These 

peripheral CLOCKs also contribute to the rhythmic production of GCs in local 

tissues, which can counteract the role of the central CLOCK on the HPA axis. The 

circulating GCs stimulate synthesis of CLOCK-related genes, which reset and delay 

the circadian sequence of the peripheral CLOCKs. This helps to adjust how the body 

responds to stress. 
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further cytokine production and release, thereby preventing tissue damage. To 

achieve this negative feedback regulation, cytokines interact with multiple brain 

regions involved in the HPA axis. Several studies have demonstrated that IL-1, IL-

6 and TNF-α can induce CRH production by acting on parvocellular neurones of the 

hypothalamic PVN, causing HPA axis to be stimulated (Berkenbosch et al., 1987; 

Bernardini et al., 1990; Navarra et al., 1991; Spinedi et al., 1992). Intravenous TNF-

α injections in rats have been shown to cause a dose-dependent rise in plasma 

ACTH and corticosterone levels (Bernardini et al., 1990). Similarly, studies using a 

murine AtT-20 cell line has reported that IL-1 and IL-6 can upregulate the expression 

of POMC to increase ACTH synthesis and release (Woloski et al., 1985; Brown et 

al., 1987; Fukata et al., 1989; Katahira et al., 1998). Studies have reported that 

cytokines are able to cause a direct effect on the production of GCs by acting on 

the adrenal gland. IL-1 and IL-6 have been shown to induce corticosterone release 

in cultured adrenal cells either independently or in synergy with ACTH (Tominaga 

et al., 1991; O'Connell et al., 1994; Barney et al., 2000; Salas et al., 2008).  

 

1.2.4. Glucocorticoids in the circulation  

Once GCs are released into the circulation, GCs are transported bound to plasma 

proteins which function to keep the GCs inactive. The principal GC-binding protein 

present in the plasma is called corticosteroid-binding globulin (CBG). Around 80-

90% of GCs are bound by CBG in the bloodstream, whilst only 10% is bound by 

albumin (Lewis et al., 2005; Hammond, 2016). Albumin binds to GCs with less 

affinity compared with CBG and acts to buffer changes where the plasma GC 

concentration fluctuates transiently (Dunn et al., 1981). The remaining 5% of the 

GCs circulate freely and can interact with receptors. Several proteases, such as 
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neutrophil elastase, can cleave CBG and disrupt the protein’s steroid binding ability 

resulting in irreversible destruction (Hammond, 2016). This cleavage allows the 

release of CBG-bound GCs, causing an accumulation of free, active GCs at sites of 

inflammation. Studies have suggested that when CBG is inactivated or congenitally 

absent, around 75% of GCs becomes albumin bound and the percentage of 

biologically active GCs in the circulation rises to 25% (Lewis et al., 2005). 

 

1.2.5. Glucocorticoid receptor signalling 

The effects of GCs are mediated in a range of cell types via activation of the 

ubiquitously expressed GRs (Ray et al., 2006; Heitzer et al., 2007; Huang et al., 

2010). These are ligand-regulated transcription factors which belong to the 

superfamily of NR3C1 encoded nuclear receptors and are modular in structure 

(Evans, 1988; Smoak and Cidlowski, 2004; Heitzer et al., 2007; Beck et al., 2011). 

GRs are composed of three functional domains: amino-terminal domain (NTD), a 

central DNA-binding domain (DBD) and a ligand-binding C-terminal domain (LBD) 

(Kumar and Thompson, 2003). The highly variable NTD is encoded by exon 2 and 

contains the ligand independent activation function-1 (AF-1). AF-1 is central to 

attaining maximal transcriptional activation of the GR, by interacting with co-factors, 

chromatin modulators and transcriptional machinery (O'Malley, 1990; Dieken and 

Miesfeld, 1992; Kumar and Thompson, 2003). The DBD, encoded by exons 3 and 

4, plays an important role in DNA binding the GR dimerization (Hard et al., 1990). 

In between the DBD and the LBD is a hinge region which acts to provide flexibility 

and a regulatory interface. Embedded within the LBD is a ligand-dependent 

transcriptional AF-2 domain, which also interacts with coactivators (Bledsoe et al., 

2002).  
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Five isoforms of GR termed GRα, GR-A, GR-P, GRβ and GRγ have been identified 

through alternative splicing of GR precursor messenger RNA, though the 

predominant mediator of GC action is GRα (Hollenberg et al., 1985; Lu and 

Cidlowski, 2005; Turner et al., 2007). GRα functions as a conventional ligand-

activated transcription factor, activity of which may be regulated by GR-A and GR-

P. GRβ is expressed at levels lower than GRα and in contrast, it does not bind to 

ligands (Bamberger et al., 1995; de Castro et al., 1996; Pujols et al., 2002). Instead 

of ligand binding, GRβ affects gene expression and transcription by functioning as 

a dominant negative inhibitor and antagonizes the activity of GRα. Similarly, the 

transcriptional profile of GRγ is distinct and lower than that of GRα (Rivers et al., 

1999; Oakley and Cidlowski, 2013).  

Within the GR are two nuclear localisation signals, one of which is in the DBD, and 

the other is found within the LBD. When unbound, GRs reside primarily within the 

cytoplasm in the inactive state as a multimeric chaperone complex. This complex 

contains heat shock protein (HSP) 90, immunophilins, p23 stabilising proteins and 

other factors which prevent the nuclear import, degradation of the GR and aid in its 

maturation (Pratt and Toft, 1997; Cheung and Smith, 2000). Upon GC binding, the 

chaperone proteins dissociate from the GR allowing the GC-nuclear receptor 

complex to translocate to the nucleus where it forms a homodimer (Wikström et al., 

1986; Picard et al., 1988; Dao-Phan et al., 1997).  

 

1.2.6. Transactivation and Transrepression 

Multiple glucocorticoid signalling pathways exist, including monomeric tethering, 

changes in phosphoinositide 3-kinase (PI3K) signalling and signalling through 

membrane receptors (Hardy et al., 2020). For the focus of this thesis, a well 
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characterised GC signalling called the transactivation and transrepression pathway 

will be highlighted.  

In the nucleus, the GC-GR complex bind to specific DNA sequences called GC 

response elements (GREs), which may be positive or negative (see figure 1.5). If 

the 5’ promoter region of GC-responsive gene contains a positive GRE, 

transactivation is initiated and transcription of genes encoding anti-inflammatory 

proteins (annexin-1, IL-10, and the inhibitor of NF-κβ, Iκβ-α) is increased (Beato, 

1989; Schaaf and Cidlowski, 2002; Harke et al., 2008). However, binding to a 

negative GRE result in transrepression of the target genes due to dissociation of 

active transcription factors. (Sakai et al., 1988; Drouin et al., 1989; Nakai et al., 

1991; Subramaniam et al., 1998). GRs, when bound to a ligand may also bind to 

transcriptional coactivators such as cAMP-response element binding (CREB) 

protein binding protein (CBP), resulting in enhanced local histone acetyl transferase 

activity via chromatin modifications. This subsequently increases expression of 

genes which encode inflammatory proteins, as seen with GC-induced leucine zipper 

(GILZ) (Govindan, 2010).  Conversely, negative GREs binding to GR results in the 

recruitment of histone deacetylases which closes chromatin. This causes 

transcriptional silencing, as seen with osteocalcin (OSC). The activity of genes 

which do not contain GRE can also be modulated by GCs. This involves the GR 

and transcription factor forming protein-protein interactions, which allows the 

subsequent binding of histone deacetylases. The latter inhibit gene transcription, as 

seen with TNF-α (Ito et al., 2000).  
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Figure 1.4: Mechanisms of glucocorticoid receptor signalling  

1.2.7. Role of 11β-HSD enzymes in pre-receptor GC metabolism  

The bioavailability and activity of GCs in the cytoplasm is influenced by the 11β-

hydroxysteroid dehydrogenase (11β-HSD) enzymes: type 1 11β-HSD (11β-HSD1) 

and type 2 11β-HSD (11β-HSD2) (see figure 1.6). 11β-HSD1 is a bidirectional 

reductase enzyme which catalyses the interconversion of active cortisol with inert 

cortisone in humans and corticosterone with inert 11-dehydrocorticosterone in 

When unbound to glucocorticoids (GCs), GR is found in the cytoplasm as a 
transcriptionally inactive multi-protein complex, which contains molecular 
chaperones (heat shock proteins [HSPs]) and immunophilins (FKBP). GCs can 
passively diffuse across the plasma membrane and into the cytoplasm, where GCs 
bind to GRs. This interaction causes a structural rearrangement which dissociates 
the chaperone proteins and exposes the nuclear localisation signals. Consequently, 
the GC-GR complex translocate to the nucleus, where GR binds to glucocorticoid-
responsive elements (GREs) and regulates gene expression. Binding to positive 
GREs (pGREs) stimulates gene transcription (e.g. GILZ), whilst binding to negative 
GREs (nGREs) suppresses gene transcription (e.g. osteocalcin [OSC]).  
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rodents (Brem et al., 1995). This reduction of cortisone to cortisol by 11β-HSD1 is 

dependent on the availability of the co-factor NADPH generated by the enzyme 

hexose-6-phosphate dehydrogenase (H6PDH) in the endoplasmic reticulum 

(Atanasov et al., 2004; (Bujalska et al., 2005; Dzyakanchuk et al., 2009). This 

interaction results in the transfer of a hydrogen from the H6PDH to reduce a ketone 

to a hydroxyl group at carbon 11 position to convey activation. H6PDH is critical for 

NADPH-oxoreductase activity as demonstrated by H6PDH knockout mice, which 

exhibited a profound switch in 11β-HSD1 activity from active (oxoreductase) to 

inactive (dehydrogenase) (Lavery et al., 2006). 11β-HSD metabolism is responsible 

for the conversion of various synthetic GCs, including prednisolone, although some 

GCs are resistant to reductase metabolism (Homma et al., 1994). Dexamethasone 

is an example of a GCs that does not undergo reductase metabolism.  

In contrast, 11β-HSD2 is a high-affinity, NAD-dependent dehydrogenase which is 

responsible for the unidirectional conversion of active GCs to their inactive 

metabolites. Conversion is achieved by the oxidation of a hydroxyl group at the 

carbon11 position to form a ketone group. This prevents activation of the 

mineralocorticoid receptor (MR) by GCs, which is usually capable of binding both 

mineralocorticoids and active corticosteroids with high affinity, hence, 11β-HSD2 

protects MR against inappropriate activation by excess GCs (Homma et al., 1994).  

 



31 
 

 

Figure 1.5: The enzymatic actions of 11β-hydroxysteroid dehydrogenase 
(11β-HSD) enzymes in glucocorticoid (GC) metabolism 

1.3. Mechanisms of anti-inflammatory glucocorticoids  

The inflammatory and anti-inflammatory effects of GCs are dependent on different 

molecular mechanisms which include directly affecting gene expression through GR 

and GRE binding, indirectly affecting gene expression through GR-transcription 

factor interactions and activation of second messenger cascades, such as kinases 

(discussed in section 1.2.6) (Ayroldi et al., 2012; Busillo and Cidlowski, 2013; 

Oakley and Cidlowski, 2013; Uhlenhaut et al., 2013). Whilst direct effects of 

The activity of GCs is regulated by 11β-HSD enzymes found in the endoplasmic 
reticulum. 11β-HSD1 is a NAPDH-reductase enzyme which works bi-directionally to 
catalyse the conversion of inactive GCs (e.g., cortisone) to receptor active GCs 
(e.g., cortisol), whilst 11β-HSD2 is a unidirectional dehydrogenase which converts 
active GCs to their inactive counterparts. The latter reaction is NAD+-dependent.  
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therapeutic GCs involve the suppression of pro-inflammatory genes, indirect effects 

of synthetic GCs are mediated via the induction of anti-inflammatory genes. The 

latter are upregulated via GC signalling, which is achieved post GR-GRE 

interaction. Such anti-inflammatory genes include GC-induced leucine zipper 

(GILZ), secretory leukocyte protease inhibitor (SLPI) and mitogen-activated protein 

kinase phosphatase-1 (MKP-1) (De Bosscher and Haegeman, 2009). 

GCs also induce the synthesis of an anti-inflammatory protein called tristetraprolin 

(TTP), which via a negative feedback mechanism suppresses the pro-inflammatory 

response, and consequently, chronic inflammation. TTP does this by decreasing 

the mRNA stability of pro-inflammatory cytokines which targets them for 

degradation, thus preventing their translation (Dreyfuss et al., 2002; Carrick et al., 

2004). Such cytokines include TNF-α, which acts upstream of other pro-

inflammatory mediators, such as IL-1β and IL-6 and initiates the pro-inflammatory 

cytokine cascade (Carballo, 1998).  Hence, TNF-α blockade inhibits the production 

of IL-1β and IL-6. TTP is also directly involved in the destabilisation of mRNA 

transcripts encoding IL-1β and IL-6, amongst other inflammatory mediators 

(Anderson, 2010; Terrando et al., 2010).  

As previously discussed, GCs suppress inflammation by regulating the 

inflammatory response at the cellular and transcriptional level, where the latter 

involves the repression of pro-inflammatory cytokine synthesis. This is achieved by 

inhibiting the transcriptional activity of AP-1 and NF-KB through GR repression, 

which in turn prevents the transcription of TNF-α, IL-1 and IL-6. GCs upregulate the 

gene expression and protein synthesis of Iκ-B, which is a NF-κB antagonist. Iκ-B 

binds to NF-κB and sequesters it in the cytosol, thereby preventing its nuclear 
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translocation. This leads to a decline in NF-κB mediated pro-inflammatory gene 

expression (Auphan et al., 1995; Scheinman et al., 1995).  

GCs can exert either, direct or indirect effect on various immune cells. For instance, 

glucocorticoid exposure can suppress maturation of dendritic cells (Moser et al., 

1995; Piemonti et al., 1999). This results in impaired antigen presentation, 

significant reduction in the expression level of class II major histocompatibility 

complex (MHC) and costimulatory molecules, as well as suppression of pro-

inflammatory cytokine production (Sacedón et al., 1999; Pan et al., 2001; Mirenda, 

2004; Rozkova et al., 2006).  

Glucocorticoids also limit the capacity of dendritic cells to stimulate helper T-cells, 

specifically Th1 cells, which cause increased synthesis of IL-10 positive 

immunosuppressive regulatory T (T-reg) cells (Matyszak et al., 2000). Although, 

GCs trigger T-cell apoptosis, T-regs are reported to be relatively resistant to GC-

mediated cell death which results in an increase T-regs cells population (Chen et 

al., 2004; Prenek et al., 2020). Additionally, GCs prevent neutrophil activation and 

adhesion to the blood vessels by inhibiting the leucocyte-endothelial cell 

interactions via decreased expression of adhesion molecules. Examples of such 

molecules include L-selectin and intercellular adhesion molecule-1 (ICAM-1). The 

reduced expression of adhesion molecules favours neutrophil detachment and 

prevents neutrophil recruitment to the site of inflammation (Watanabe et al., 1991; 

Cronstein et al., 1992).  

GCs activate the M2 subset of macrophages which exert an anti-inflammatory 

profile and inhibit the pro-inflammatory M1 phenotype. The critical role of the GR in 

mediating GC actions in myeloid cells was investigated using murine models of 
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contact allergy. This showed that in the absence of GR in macrophages and 

neutrophils, GCs were unable to inhibit the inflammatory response. The study also 

reported that GR deletion in myeloid cells resulted in increased infiltration of 

leucocytes into the site of inflammation and inability of GCs to decrease secretion 

of pro-inflammatory cytokines (e.g., IL-1) and chemokines (e.g. MIP-2, MCP-1) 

(Tuckermann et al., 2007). GCs also have been shown to impact phagocytosis, with 

GC-treated macrophages possessing an increased capacity to engulf apoptotic 

cells and release pro-resolution/ anti-inflammatory mediators (Liu et al., 1999; Van 

der Goes et al., 2000; Giles et al., 2001).  

 

1.3.1. Synthetic glucocorticoids in the management of inflammation 

Due to their immunosuppressive effects, GCs are extensively utilised for the 

treatment of immune and inflammatory conditions, such as allergy, asthma, RA and 

multiple sclerosis. Additionally, adrenal GCs are used in immunosuppressive 

regimes to prevent organ transplant rejection and can also be used in treatment of 

lymphoid malignancies (Rhen and Cidlowski, 2005). The potent anti-inflammatory 

activity of endogenous GCs has been exploited and lead to the development of 

synthetic GC derivatives, which are used in the treatment of both acute and chronic 

inflammatory conditions (Beaulieu and Morand, 2011).  

A recent meta-analysis reviewing the disease-modifying properties of GCs in early 

RA has reported that when given in conjunction with disease modifying anti-

rheumatic drugs (DMARDs), low dose GCs cause a significant reduction in the 

progression rate of cartilage and bone erosion relative to DMARD only controls 

(Kirwan et al., 2004). Similarly, another study investigating the effects of GC 

administration on synovial tissue, the principal target of chronic arthritidies, revealed 
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that oral GC treatment causes a marked reduction in synovial tissue infiltration and 

expression of pro-inflammatory cytokines (Klint et al., 2005). GC therapy reduces 

joint inflammation and tenderness, and the expression of inflammation markers 

whilst improving the disease activity score in patients with RA (Kirwan et al., 2004; 

Wolf et al., 2008).   

The most widely used synthetic GCs include synthetic preparations of cortisol called 

hydrocortisone, prednisolone, and dexamethasone (Karssen and de Kloet, 2007). 

The structure of all GC analogues is related to cortisol, although structural changes 

affect the activity, potency, and the clearance of each derivative (Cevc and Blume, 

2004). For instance, prednisone is a biologically inert GC which is converted to 

prednisolone in the liver. This conversion to the active form involves the addition of 

a double bond between carbon positions 1 and 2 of cortisol. Prednisolone has a 

longer duration of action of 12-36 hours relative to hydrocortisone’s shorter 

biological half-life of 8-12 hours. Prednisolone is also 4 times more potent than 

hydrocortisone (Zoorob and Cender, 1998). For prednisolone to become activated, 

the 11-keto group requires reduction. Methylprednisolone is synthesised following 

the incorporation of methoxycarbonyl group to the 6th carbon of prednisolone and 

has 5 times more potent anti-inflammatory activity compared to hydrocortisone 

(Diederich et al., 2002). Methylprednisolone also produces fewer systemic adverse 

effects relative to hydrocortisone. Dexamethasone, a long-acting synthetic GC with 

a duration of action of 36-72 hours, is formed following the introduction of a methyl 

group on carbon 16 and a fluoro group on carbon 9α on prednisone (Cevc and 

Blume, 2004). These additions result in dexamethasone being 25-fold more potent 

than hydrocortisone (Zoorob and Cender, 1998). Dexamethasone is more 
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commonly used to treat acute conditions and avoided as a long-term treatment due 

to its ability to significantly suppress the HPA axis (Liu et al., 2013).  

Specifically, 11β-HSD1 reduces prednisone more effectively to generate 

prednisolone compared to the reduction of cortisone to cortisol, causing there to be 

increased potency and greater systemic availability of prednisolone (Jenkins and 

Sampson, 1967). However, variation in the metabolism of other GC derivatives by 

11β-HSD enzymes has also been noted. For instance, 11β-HSD1 oxidation and 

11β-HSD2 reduction of dexamethasone is diminished, whereas 11β-HSD2 can 

reduce 9-fluorinated GCs such as 11-dehydrodexamethasone to dexamethasone, 

resulting in the long half-life of dexamethasone in vivo (Diederich et al., 1996; 

Diederich et al., 1997; Obeyesekere et al., 1997; Diederich et al., 2002) (see figure 

1.7) 

  

Figure 1.6: Chemical structures of GC analogues - prednisolone and 
dexamethasone 

All synthetic GCs are structurally related to endogenous cortisol. The chemical 
structure of synthetic hydrocortisone is identical to physiological cortisol. The insertion 
of a double bone between carbon positions 1 and 2 of cortisol yields prednisolone. To 
generate dexamethasone, hydrocortisone requires incorporation of a double bond, a 
methyl group and a fluoro group. Modifications to the chemical structure of synthetic 
GCs are illustrated in red.   
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1.3.2. Glucocorticoid excess and Cushing’s syndrome 

Due to the diverse pleotropic actions of endogenous GCs, their therapeutic 

application in for the management of inflammatory disease is associated with a 

diverse range of systemic side effects. Collectively, these are termed Cushing’s 

syndrome and represent a considerable health burden. GC excess can be due to 

chronic use of exogenous GCs or a pathological endogenous increase, both of 

which result in the same phenotype referred to as Cushing’s syndrome (Sato et al., 

2018). The latter more commonly presents as Cushing’s disease which is a pituitary-

dependent Cushing's syndrome and is less common relative to iatrogenic Cushing’s 

syndrome (Newell-Price et al., 2006). The traditional stigmata of Cushing’s 

syndrome include truncal obesity, muscle weakness, myopathy, hypertension, 

rounded ‘moon’ face, osteoporosis, and glucose intolerance – all of which overlap 

with the side effect profile of GC treatment in those with chronic inflammatory 

condition, as seen in around 70% of patients receiving GC therapy (Giraldi et al., 

2003; Fardet et al., 2007; Pivonello et al., 2015).  

 

1.4. 11β-HSD1 and glucocorticoid excess  

To investigate the role of 11β-HSD1 metabolism in GC-excess induced adverse 

effects, a murine model with global transgenic deletion of 11β-HSD1 has been 

created. In a recent study by Morgan et al., 2014, 11β-HSD1 KO and WT control 

mice were given corticosterone (100 μg/mL) infused drinking water for five weeks. 

Following treatment with the supraphysiological concentration of GC, WT mice 

developed Cushingoid features. Such features included glucose intolerance, 

hypertension, hepatic steatosis, myopathy, and increased adiposity. In contrast, 

11β-HSD1 KO mice were protected against the deleterious side effects associated 
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with circulatory GC excess. Interestingly, in both GC-treated mice groups, adrenal 

atrophy was observed together with an elevated level of serum corticosterone, 

confirming that both groups were exposed to the same level of corticosterone. 

These results deduced that 11β-HSD1 reactivated GCs play a significant role in the 

development of metabolic side effects linked to GC use, and that the deletion of 

type 1 11β-HSD results in amelioration of GC-induced adverse effects regardless 

of increased level of circulating GCs. Together, the data proposes the prospect of 

using 11β-HSD1 inhibitors to limit the GC-excess induced side effects (Morgan et 

al., 2014). 

1.4.1. 11β-HSD1 and clinical research 

The inhibition of 11β-HSD1 offers a therapeutic means of treating metabolic 

disorders, such as obesity, polycystic ovary syndrome and type 2 diabetes mellitus 

(T2DM). The contribution of 11β-HSD1 in mitigating the detrimental effects caused 

by GC excess on metabolic parameters has been investigated by several research 

groups, which started with the development of a prototypic 11β-HSD antagonist 

called carbenoxolone (Walker et al., 1995; Andrews et al., 2003). Treatment with 

carbenoxolone downregulated glycogenolysis and hepatic gluconeogenesis in 

those with T2DM, but not in healthy subjects. However, carbenoxolone reduced 

cholesterol levels in in healthy patients, but not in those with diabetes. Whilst these 

findings reinforced the potential of carbenoxolone in managing the metabolic 

complications of diabetes, being a non-selective compound, carbenoxolone also 

suppressed 11β-HSD2 in the kidneys. Inhibition of renal 11β-HSD2 lead to the 

development of hypernatremia, high blood pressure and hypokalaemia, thus 

demonstrating the limitations of carbenoxolone as a therapy for metabolic syndrome 

and the need for isozyme selective inhibitor (Bujalska et al., 1997; Schuster et al., 
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2006). Consequently, a selective inhibitor of 11β-HSD1 called INCB13739 was 

developed. INCB13739, when used as an adjunct to metformin in type 2 diabetics, 

produces significant reduction in average glycaemic levels, fasting plasma glucose 

and insulin resistance hence proving to be an efficacious treatment. Other beneficial 

effects produced by INCB13739 include an improved lipid profile (lower plasma 

cholesterol and LDL levels) in those with hyperlipidaemia (Rosenstock et al., 2010). 

Similar results were shown by another selective antagonist of 11β-HSD1 called MK-

0916 (Feig et al., 2011). Therefore, 11β-HSD1 inhibition offers a new potential 

approach to manage different components of metabolic syndrome.  

1.4.2. 11β-HSD1 and inflammation 

The expression of 11β-HSD1 is upregulated in the inflamed tissue, primarily due to 

the actions of pro-inflammatory mediators. 11β-HSD1 is expressed by many 

immune cells and by those cell types found in the synovium of patients with 

inflammatory arthritis (Chapman et al., 2009). Such cells include T-lymphocytes, 

dendritic cells, endothelial cells, fibroblasts, and macrophages (Hardy et al., 2006). 

A significant positive correlation between the activity of 11β-HSD1, GC activation 

and the expression of inflammatory markers in serum have been reported (Hardy et 

al., 2007). Such inflammatory markers include erythrocyte sedimentation rate 

(ESR). Pro-inflammatory cytokines, such as TNF-α and IL-1, also promote the 

expression and the activity of type 1 11β-HSD in mesenchymal cells (Ahasan et al., 

2012). These cells include osteoblasts, adipocytes, and fibroblasts. When present 

in combination with pro-inflammatory mediators, GCs exert a synergistic effect on 

11β-HSD1 and positively modulate the enzyme’s activity (Kaur et al., 2009).  The 

synergistic surge in 11β-HSD1 expression results in the accumulation of active GCs 

in bone and in surrounding tissues, which amplifies the anti-inflammatory response 
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(Sun and Myatt, 2003; Rae et al., 2004; Li et al., 2006; Kaur et al., 2009). Although, 

non-stimulated monocytes lack 11β-HSD1, their differentiation into resting or naive 

macrophages induces 11β-HSD1 expression. M1 polarisation of macrophages by 

LPS and interferon-γ (IFN-γ) has been shown to further increase 11β-HSD1 

expression levels, however little effect on 11β-HSD1 expression was shown when 

macrophages were polarised to the M2 phenotype by IL-4 (Martinez et al., 2006). 

 

1.4.3. Contribution of 11β-HSD1 metabolised corticosteroids in inflammation   

The functional consequences of 11β-HSD1 have been investigated by several 

studies, particularly during inflammation where enzyme activity is regulated by pro-

inflammatory cytokines. Such studies have focused on, for example, the impact of 

11β-HSD1 in regulating physiological GCs during chronic inflammatory disease. To 

achieve this, a TNF-transgenic murine model of chronic inflammatory arthritis (TNF-

Tg) lacking 11β-HSD1 (TNF‐Tg11βKO) both globally or specifically in mesenchymal-

derived cell populations were used. Global 11β-HSD1 deletion resulted in a severe 

exacerbation of polyarthritis, as shown by increased swelling, greater paw 

deformities, significantly more pannus invasion into subchondral bone and synovitis, 

and exacerbated systemic bone loss (Hardy et al., 2018). Similarly, greater muscle 

wasting was also observed during chronic inflammation in the TNF‐Tg11βKO mouse, 

highlighting the important role that 11β-HSD1 activated local GCs play in 

suppressing inflammation (Hardy et al., 2016).  

To explore the role of fibroblast like synoviocytes (FLS) and osteoblastic 11β-HSD1 

in an inflammatory phenotype, a murine model with a targeted mesenchymal 11β-

HSD1 deletion was used. These animals showed similar patterns of synovitis, 

destructive bone lesions and arthritic scores to TNF-Tg mice, indicating that 
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although 11β-HSD1 has a catabolic role within the mesenchyme, exacerbation of 

the inflammatory phenotype is not mediated by 11β-HSD1 in mesenchymal-derived 

cells (Hardy et al., 2016).  

A greater degree of synovitis was seen in TNF‐Tg11βKO, as demonstrated by the 

marked increase in infiltration of leucocytes (T-cells, macrophages, and neutrophils) 

into the joint relative to TNF-Tg mice. A shift in macrophage polarisation from M2 to 

M1 phenotype was also observed in TNF‐Tg11βKO mouse, highlighting the supporting 

role 11β-HSD1 plays in M2 polarisation, and consequently in the phagocytic 

removal of apoptotic and damaged cells in inflammation. Another study 

investigating the contribution of 11β-HSD1 in the inflammatory response using mice 

lacking 11β-HSD1 reported that in the absence of 11β-HSD1, phagocytic clearance 

of apoptotic neutrophils is significantly delayed. Hence, suggesting the need of 11β-

HSD1 to be present for M2 macrophages to perform their anti-inflammatory 

function. This finding was reinforced by in vitro experiments on murine 

macrophages, where an 11β-HSD1 inhibitor in the presence of endogenous GCs 

antagonised the phagocytic capacity of macrophages for apoptotic and damaged 

leucocytes (Gilmour et al., 2006).  

These studies suggest that although 11β-HSD1 is a key regulator of adverse effects 

associated with GC excess (as outlined in 1.3.3), further detrimental effects may 

also be seen with the use of 11β-HSD1 inhibitors for the treatment of chronic 

inflammatory states. This may be attributable to the enzyme antagonists inhibiting 

the beneficial 11β-HSD1-produced anti-inflammatory actions.  

Together these studies reveal that 11β-HSD1 plays a role in both GC-induced and 

inflammatory-induced osteoporosis. Whether this is mediated by changes in 
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disease severity, or due to GC metabolism by 11β-HSD1 within bone remains poorly 

defined. To better understand how GC metabolism by 11β-HSD1 influences bone 

remodelling in chronic inflammatory disorders and in therapeutic GC application, it 

is important to understand normal physiological bone remodelling. 

 

1.5. Bone 

Bone is a highly specialised and dynamic tissue which is constantly undergoing a 

process called remodelling, through which up to 10% of the adult skeleton is 

renewed every year (Manolagas, 2000).  Bone exerts multiple important functions 

in the body. These include movement and locomotion, providing structural support 

and soft tissue protection, being a harbour of bone marrow and acting as a calcium 

and phosphate reservoir (Robling et al., 2006; Datta et al., 2008). Cortical bone 

accounts for 80% of the skeletal mass, whilst trabecular (cancellous) bone only 

makes up 20% of the skeleton. Cortical bone is dense and surrounds the medullary 

cavity, whereas trabecular bone contains a honeycomb-like meshwork of trabecular 

rods interspersed alongside bone marrow cells (Clarke, 2008). Bone is composed 

of three main cells, which include osteoblasts, osteoclasts, and osteocytes. 

Osteoblasts are bone forming cells which originate from mesenchymal stromal cells 

whilst osteoclasts are bone resorbing cells which are myeloid lineage derived. 

Osteocytes are terminally differentiated cells which have a mechanotransduction 

and regulatory function (Teitelbaum, 2007; Clarke, 2008; Karsenty et al., 2009; 

Bonewald, 2011).  
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1.5.1. Gross anatomy of bones 

Bones can be divided into five distinct types: long, short, sesamoid, flat and irregular 

bones. A long bone can be divided into two main regions: the diaphysis and the 

epiphysis (see figure 1.8). The diaphysis refers to the hollow shaft which runs from 

the proximal to the distal end of the bone, whilst the epiphyseal plates are found on 

either end of the bone. Located between the diaphysis and epiphysis is an area 

called metaphysis, which encompasses the growth plate. The diaphysis is made up 

primarily of cortical bone which surrounds the medullary cavity, in which yellow bone 

marrow (fat) is contained. Fatty yellow marrow progressively replaces haemopoietic 

red marrow over the course of life (Moore and Dawson, 1990). Conversely, the 

epiphysis and the metaphysis are made up of thin cortical bone surrounding a 

trabecular bone.  
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Figure 1.7: Gross anatomical characteristics of a long bone 

 

A long bone can be divided into two parts: diaphysis and epiphysis. The diaphysis is 
a tubular shaft which is composed of dense and hard compact bone. The diaphysis 
houses a medullar cavity, in which yellow bone marrow is contained. Epiphysis refers 
to the wider section found on either side of the bone. The epiphysis is made up of 
spongy (trabecular) bone. This spongy bone is filled with red bone marrow. Connecting 
the diaphysis and epiphysis is an area termed metaphysis which has the epiphyseal 
growth plate.  
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1.5.1.1. Structure of cortical bone 

Cortical bone is composed of cylindrical osteons. An osteon, the chief structural unit 

of compact bone, is made up of concentric layers of lamellar bone which surround 

an inner cavity referred to as a Haversian canal (see figure 1.9). The Haversian 

canal contains nerves, lymph vessels and small blood vessels which are 

responsible for blood supply and nourishment to the osteocytes residing in lacunae 

within mineralized bone (Clarke, 2008). 

 

Figure 1.8: Gross characteristics of cortical bone 

The inner surface of the cortical bone is lined by a thin vascular membrane of 

connective tissue referred to as the endosteum. The endosteum is in contact with a 

The functional units of cortical bone are called osteons. Osteons are composed of 
layers of bone matrix called lamellae, which are organised in concentric rings around 
a central Harversian canal. This canal harbours blood vessels and nerves from the 
periosteum. Osteocytes are embedded in the cortical bone and are found residing 
in the lacunae.  
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range of cells, which include osteoblasts, osteoclasts, adipocytes, and 

mesenchymal stem cells. A study has suggested that the endosteal niche has an 

important function in inducing vascular remodelling in the bone marrow during 

development and in maintaining quiescent haematopoietic stem cells (HSCs) 

(Nakamura et al., 2010). The outer cortical surface of bone consists of 2 layers, 

collectively termed the periosteum. The outer fibrous surface of the periosteum is 

made up of collagen, elastin, and fibroblasts alongside a nerve and microvascular 

network, whilst inner cellular layer houses progenitor cells that mature into 

osteoblasts (Allen et al., 2004). Another study has reported that periosteum is 

central to bone regeneration and acts as a reservoir for chondrocytes during 

endochondral ossification (Colnot, 2009). The periosteum envelops all outer bone 

surfaces, except in regions where epiphyses connect with other bones to form joints. 

These articulating surfaces are covered by a thin layer of smooth hyaline cartilage 

called articular cartilage, which function to absorb shock reduce friction (Servaty et 

al., 2001; Clarke, 2008).  

 

1.5.2. The bone remodelling process 

The process of bone remodelling is highly complex and tightly regulated. It aims to 

repair fatigue microdamage (via targeted remodelling), replace old bone with fresh 

new units and maintains mineral homeostasis of calcium and phosphorus (Mori and 

Burr, 1993; Bentolila et al., 1998; Dallas et al., 2013). In the remodelling process, 

osteoblastic formation and osteoclastic resorption are coupled to ensure that an 

equal quantity of resorbed bone has been replaced. The remodelling cycle is 

composed of five co-ordinated phases: activation, resorption, reversal, formation 

and finally, termination (Kenkre and Bassett, 2018) (see figure 1.10). Bone 
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remodelling occurs asynchronously at anatomical sites called the basic multicellular 

unit (BMU), which is composed of osteoblasts, osteoclasts and a capillary blood 

supply. BMU is enclosed in a circulatory canopy formed from bone lining cells (Frost, 

1990; Hauge et al., 2001). BMU’s structure and function differs greatly based on 

whether it is located within cortical or trabecular bone. Cortical BMUs are organised 

in a cutting cone lined with osteoclasts and is responsible for remodelling bone by 

osteoclastic tunnelling. This tunnel gets refilled by osteoblasts, to give rise to an 

osteon (Agerbæk et al., 1991).  

Activation phase is initiated when osteocytes sense an activation stimulus and 

transduce it as a biochemical signal to other cells via dendritic processes. Such 

activation signals include mechanical strain, chemical signals (i.e., hormones) and 

structural damage. When an activation signal is not available, osteocytes secrete 

factors which antagonise osteogenesis. These factors include the Wingless (WNT) 

signalling pathway inhibitors, sclerostin (SOST) and Dickkopf-1 (DKK-1) which 

inhibit osteoblast activity, and specific factors which promote local 

osteoclastogenesis (Bonewald and Johnson, 2008; Moriishi et al., 2012). Osteocyte 

apoptosis, induced by microdamage to bone matrix due to osteocyte canaliculi 

disruption results in further recruitment of osteoblast and osteoclast precursor cells, 

thereby promoting osteoclastogenesis (Atkins and Findlay, 2012; Chen et al., 2015). 

In vitro studies investigating osteoclast migration and differentiation in the presence 

of conditioned media from apoptotic osteocytes and non-apoptotic osteocytes have 

reported that apoptotic media stimulates the migration of osteoclast precursors by 

64% and formation of osteoclasts by 450% (Al-Dujaili et al., 2011; McCutcheon et 

al., 2020). These effects have shown to be mediated by receptor activator for NF-

κβ ligand (RANKL), which acts as chemotactic signal for the osteoclasts (Al-Dujaili 
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et al., 2011; McCutcheon et al., 2020). The next stage to occur is resorption which 

is initiated following osteocyte recruitment and osteoclast differentiation.  

The resorption phase comprises of multiple steps which begin with the polarised, 

multinucleated osteoclasts attaching to the extracellular matrix of the bone. This 

adherence results in the osteoclasts reorganising their actin cytoskeleton to form 

four unique domains: the sealing zone and the ruffled border which are in contact 

with the bone matrix, and the functional apical secretory domain and the basolateral 

domain which are not in contact with the bone matrix. In the presence of growth 

factors, osteoclasts synthesise dynamic adhesion structures called podocytes, 

which are made up of a membrane domain. This domain houses an actin filament-

rich core (Itzstein et al., 2011). It has been previously reported that the sealing zone 

is composed of densely packed actin-rich podosomes, and that the β3-integrin is 

responsible for the organisation of the cytoskeleton during sealing zone formation 

as it mediates the adherence of the podosomes to the mineralised matrix (Faccio et 

al., 2003; Luxenburg et al., 2007; Roy and Roux, 2018). This attachment prevents 

the catalytic enzymes from leaking from the ruffled border into the surrounding 

tissue. Osteoclasts contain high levels of carbonic anhydrase, which is a source for 

bicarbonate and protons, where the latter is pumped across the ruffled border with 

chloride ions, into the functional secretory domain. This endocytosis is carried out 

by a vacuolar-type H+-ATPase and is needed to acidify the resorption lacuna and 

break down the inorganic hydroxyapatite crystals of the bone (Silver, 1988; Tolar et 

al., 2004). A chloride/ bicarbonate exchanger at the basolateral domain exchanges 

chloride ions for bicarbonate ions, to maintain cytoplasmic pH homeostasis (Teti et 

al., 1989).  
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The organic matrix of the bone is composed of collagenous proteins, primarily type 

1 collagen, and is degraded by proteases which are released into the resorption 

space. In order to function, proteolytic enzymes require an acidic environment, a 

H+-ATPase, and an anion exchanger on the lysosomal membrane. These 

lysosomal enzymes include cathepsin K and matrix metalloproteinases. Cathepsin 

K accounts for one of the most potent proteases found within the lysosome, the key 

function of which is to enable bone resorption which it does so by efficiently breaking 

down type 1 collagen (Garnero et al., 1998; Kafienah et al., 1998). Cathepsin K is 

also responsible for excising the inhibitor loop domain which represses the function 

of a phosphatase called tartrate-resistant acid phosphatase (TRAP) (Ljusberg et al., 

2005). TRAP is selectively expressed in the ruffled border and intracellular vesicles 

of osteoclasts (Hollberg et al., 2005; Reinholt et al., 2009). Although, the precise 

mechanism of TRAP remains ambiguous, it is thought that TRAP generates highly 

destructive reactive oxygen species, such as hydroxyl radicals, to catalyse the 

resorption of the bone matrix (Halleen et al., 1999).  The degraded matrix is shuttled 

in transcytotic vesicles through the functional secretory domain into the extracellular 

space. These transcytotic vesicles also contain TRAP, which enables further break 

down of the resorbed products.  

The reversal phase follows the resorption phase, during which an osteogenic 

environment is generated. This allows for bone resorption to be coupled to bone 

formation. Although several osteogenic molecules which aid in this coupling have 

been identified, the precise coupling mechanism remains unclear. It has been 

proposed that this bone resorption and formation coupling occurs when growth 

factors are released from the bone matrix during resorption. Such growth factors 

include insulin-like growth factor-1 (IGF-1), transforming growth factor-β1 (TGF-β1) 
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and platelet-derived growth factor (PDGF). These osteotropic factors recruit 

mesenchymal stem cells from the bone marrow to the resorption sites of the bone, 

stimulating osteoblast differentiation (Tang et al., 2009; Xian et al., 2012). Literature 

has also postulated that the transmembrane proteins EphrinB and tyrosine kinase 

receptors EphB may be involved in this process. More specifically, EphrinB2 and its 

receptor Eph4 are found to be strongly expressed in osteoclast membrane and 

osteoblast membrane respectively. EphrinB2 and Eph4 interact with each other and 

via bidirectional signalling upregulate osteogenic differentiation and suppress 

osteoclast formation, ensuring bone homeostasis (Zhao et al., 2006).  

Following the commitment of mesenchymal progenitors to an osteoblast lineage 

and the subsequent differentiation into mature osteoblasts, extracellular matrix 

proteins are synthesised and secreted. Such molecules include type 1 collagen, 

OSC, osteopontin and bone sialoprotein; collectively, this unmineralised protein 

matrix is termed the osteoid (Cowles et al., 1998). Phosphate and calcium ions 

contained within the matrix vesicles nucleate to generate hydroxyapatite crystals, 

which express ion transporters calcium and phosphate on their surface. 

Hydroxyapatite microcrystals are deposited in the osteoid, which then undergoes 

mineralisation. These hydroxyapatite crystals puncture the vesicles’ membranes of 

the matrix to assemble into a mineralised nodule (Hasegawa et al., 2017). Also 

contained within the matrix vesicles is the enzyme alkaline phosphatase (ALP), 

which promotes pyrophosphate hydrolysis to release inorganic phosphate ions to 

fuel crystal formation and bone mineralisation (Orimo, 2010). In the presence of 

persistently high phosphate level, osteoblasts and osteoclasts release osteopontin, 

which localises to the periphery of the mineralised nodules. Osteopontin functions 

as an inhibitor of excessive or abnormal mineralisation by binding to calcium in 
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crystal surfaces and inhibiting the generation of hydroxyapatite crystals (Mark et al., 

1988; Yuan et al., 2014).  

Termination is the last phase of the bone remodelling process which is reached 

when resorbed bone has been replaced with an equal quantity of newly synthesised 

bone. Mature osteoblasts either undergo apoptosis, change into a bone-lining 

phenotype, or undergo terminal differentiation into osteocytes. Osteocytes have a 

critical role in terminating the bone remodelling process as they express SOST. 

During the bone remodelling cycle, SOST expression is diminished which allows 

WNT signalling to promote osteoblast differentiation, however towards the end of 

remodelling cycle, SOST expression is increased to antagonise osteogenesis. 

Additionally, further osteoblast differentiation and bone formation is inhibited by 

newly formed osteocytes which re-express SOST during the termination phase of 

cycle (Poole et al., 2005).   
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      Figure 1.9: The bone remodelling process 

1.5.3. Regulation of osteoblast differentiation 

The process of bone remodelling is active and dynamic, which is tightly coordinated 

to ensure that there is a correct balance between bone resorption and bone 

deposition (Zaidi, 2007). Any imbalances in resorption and formation can result in 

The bone remodelling cycle can be divided into five stages: activation, resorption, 
reversal, formation, and termination. The remodelling cycle is initiated following 
osteocytes apoptosis, which reduces the local levels of TGF-β and therefore, 
removes the inhibitory signals on osteoclastogenesis. This enables osteoclast 
synthesis to occur, which involves the expression of osteoclast marker enzymes 
called cathepsin K (CTSK) and tartrate-resistant acid phosphatase (TRAP), and 
the production of hydrochloric acid (HCL) which aid in the resorption of bone 
matrix. The resorbed bone releases growth factors (insulin-like growth factor-1 
(IGF-1), transforming growth factor-β1 (TGF-β1) which activate osteoblasts. 
Osteoblasts can also be activated following the interaction between 
transmembrane proteins EphrinB and tyrosine kinase receptors EphB on 
osteoclast and osteoblast respectively. Activated osteoblasts release 
hydroxyapatite (HA), alkaline phosphatase (alk phos), bone sialoprotein (BSP), 
osteocalcin (OSC) and type 1 collagen (Col1). Post completion of the formation 
phase of the bone remodelling cycle, osteocytes release osteopontin (OPN) and 
sclerostin (SOST) which serve as inhibitory signals to terminate the remodelling 
process. The differentiation of osteoblasts into osteocytes can also terminate the 
process. 
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abnormal bone remodelling, net bone loss and the development of pathological 

disorders (Eriksen et al., 1990; Guerrini et al., 2008). Several transcription factors 

are involved in regulating osteoblast differentiation from mesenchymal cells, from 

which Runt-related transcription factor 2 (RUNX2) is the master regulator. RUNX2 

modulates osteoblast differentiation by affecting the expression of osteoblast-

specific proteins including type 1 collagen, OSC, osteopontin and bone sialoprotein 

(Stein et al., 1996; Roca et al., 2005). RUNX2 is activated following phosphorylation 

by ERK/MAPK signalling pathway (Ge et al., 2009; Li et al., 2009). This 

phosphorylation is necessary before RUNX2 can bind to enhancers on target 

genes. Such enhancers include CCAAT/enhancer-binding protein (C/EBP). CEBP 

is a key of transactivator of the OSC gene, which when bound to RUNX2 functions 

to increase the transcription of OSC in osteoblasts. CEBP also recruits chromatin-

remodelling proteins, such the ATP-dependent SWI/SNF complexes, to promoters 

of tissue-specific genes, resulting in transcriptional activation during cell 

differentiation (Kowenz-Leutz and Leutz, 1999; Gutierrez et al., 2002; Villagra et al., 

2006). Hence, osteoblast differentiation is strongly modulated by factors which 

regulate RUNX2 signalling.  

The canonical WNT signalling pathway also plays a key role in influencing the 

expression of RUNX2 and consequently, underpins osteogenesis. WNT signalling 

promotes the commitment of mesenchymal stem cells towards osteoblastogenesis, 

which occurs after WNT proteins bind to its transmembrane receptors; Frizzled (Fz) 

and low-density lipoprotein-related protein 5/6 (LRP5/6) (Day et al., 2005). This 

complex results in the transduction of signal through the β-catenin pathway, result 

of which is increased RUNX2 expression (Gaur et al., 2005). When WNT signalling 

is antagonised, the differentiation of osteoblasts is also inhibited. DKK-1 is a 
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secreted glycoprotein which inhibits WNT signalling by forming high affinity bonds 

with LRP5/6 (Bafico et al., 2001; Semënov et al., 2001). A similar mechanism of 

inhibition is demonstrated by SOST (as previously discussed), which is expressed 

by osteocytes (Winkler, 2003; Semënov et al., 2005).  

Chemical messengers have been reported as being positive modulators of bone 

remodelling. These hormones include parathyroid hormone (PTH), which is 

produced by the chief cells of the parathyroid gland. PTH is found contained within 

secretory vesicles. PTH promotes the proliferation of mesenchymal progenitors as 

well as regulating systemic calcium and phosphate homeostasis, thereby 

influencing the bone remodelling process (Bhandi et al., 2021). PTH exerts both, 

catabolic and anabolic effects on bone mass, where these effects are governed by 

the duration and periodicity of exposure to PTH. When administered intermittently, 

PTH stimulates osteoblast activity whereas, continuous PTH stimulation 

suppresses osteoblastogenesis (Yang et al., 2009; Chen et al., 2014). PTH 

influences the cell cycle of osteoblast by upregulating the expression of cyclin D, 

which induces the proliferation of early osteoblasts (Datta et al., 2007). PTH also 

stimulates osteoblast activity and differentiation by increasing ALP expression and 

IGF-1 signalling, where the latter exerts a stimulatory effect on type 1 collagen 

production (Canalis et al., 1989; Nishida et al., 1994). The parathyroid gland also 

contains calcium-sensing receptors (CaSR), which act to maintain serum 

concentration of calcium by activating the secretion of PTH in response to 

hypocalcaemia (Brown et al., 1993). PTH actions are primarily mediated via an 

osteoblast G-protein coupled receptor called PTH type 1 receptor (PTH1R). PTH-

PTH1R binding activates at least two calcium-dependent intracellular signalling 

pathways. These cause activation of either G-protein alpha subunit or G-protein 
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alpha q subunit, which subsequently activate either protein kinase (PK) A through 

cAMP or PKC through phospholipase C (PLC) (Bhandi et al., 2021). PTH signalling 

also reduces the expression of DKK-1 whilst increasing the expression of β-catenin, 

net result of which is the stimulation of the WNT signalling pathway (Kulkarni et al., 

2005).  

Similarly, Vitamin D can also upregulate β-catenin expression resulting in the 

promotion of WNT-signalling (Shah et al., 2002; Haussler et al., 2010). Vitamin D 

also plays a role in mineral homeostasis which is integral in maintaining the 

skeleton. Specifically, vitamin D stimulates the intestinal absorption of calcium. The 

effects of vitamin D are facilitated by binding to the nuclear vitamin D receptor 

(VDR), where the interaction induces a conformational change that enables the 

VDR to form a heterodimer with the retinoid X receptor (RXR). VDR-RXR 

heterodimer interacts with vitamin D response elements (VDRE) in the promoter 

regions of target genes to modulate transcription (Carlberg et al., 1993). An example 

of such gene is the LRP5 gene, which leads to increased WNT signalling and 

consequently, increased differentiation of osteoblasts (Fretz et al., 2007). Vitamin D 

also has a direct effect on the bone-specific transcription factor, RUNX2, which 

results in increased transcription and hence, expression of OSC (Paredes et al., 

2004).  

 

1.5.4. Regulation of osteoclast differentiation  

Several systemic and local factors regulate the function and differentiation of 

osteoclasts, which includes the macrophage-colony stimulating factor (M-CSF). M-

CSF has a critical function in the differentiation, survival, and motility of osteoclasts. 

However, to achieve this, M-CSF relies on RANK/RANKL pathway to provide the 
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osteoclast lineage signal to early progenitors, and consequently induce 

osteoclastogenesis (see figure 1.11). Whilst RANK is mainly expressed by 

osteoclast precursors and mature osteoclasts, RANKL is expressed in the 

membrane-bound or secreted form by osteoblasts, osteocytes, activated 

lymphocytes and fibroblasts (Page and Miossec, 2005; Wei et al., 2005; Atkins et 

al., 2006; Kawai et al., 2006; Nakashima et al., 2011). 

Binding of homotrimeric RANKL to its receptor RANK induces receptor 

oligomerisation, which leads to the recruitment of adapter proteins to the C-terminal 

cytoplasmic tail of RANK. Such adaptor proteins include TNF-receptor associated 

factor 6 (TRAF6). TRAF6 recruitment initiates signalling cascades, all of which 

promote osteoclastogenesis and osteoclast survival (Lomaga et al., 1999; Naito et 

al., 1999; Yavropoulou et al., 2008).  These signalling pathways include the c-Src, 

MAPK and/or NF-κB pathways. The c-Src protein promotes the activation of an 

Akt/protein kinase B mediated anti-apoptotic programme and the MAPK pathway 

induces the translocation of proteins c-Fos and C-Jun into the nucleus along with 

the NF-κB. Activated NF-κB upregulates the expression of c-Fos which binds to 

calcium regulated NFATc1. NFATc1, the master activator of RANKL-induced 

osteoclast differentiation and promotes the expression of osteoclast-specific genes 

such as TRAP and cathepsin K, and proteins such as DC-STAMP and Atp6v0d2; 

all of which are important in osteoclast fusion and activation and the production of 

mature osteoclasts (Zhao et al., 2010; Miyamoto, 2011; Kim and Kim, 2014). The 

importance of tightly regulating RANK/RANKL signalling has been demonstrated by 

studies using murine models where RANKL-deficient transgenic mice lack 

osteoclasts and develop severe osteopetrosis. Hepatic overexpression of soluble 

RANKL leads to a hyper-resorptive and osteoporotic phenotype and ubiquitous 



57 
 

overexpression of soluble RANKL results in in utero death (Kong et al., 1999; 

Mizuno et al., 2002).    

 

Figure 1.10: RANK-RANKL influence on osteoclastogenesis 

Osteoprotegerin (OPG), also known as osteoclastogenesis inhibitory factor, is a 

secreted glycoprotein produced by osteoblasts. OPG functions as a soluble decoy 

Osteoblasts (bone forming cells) can be stimulated by multiple factors, including 
parathyroid hormone (PTH) and vitamin D. Once activated, osteoblasts present 
RANKL to osteoclast precursor cells, pre-osteoclasts. Osteoprotegerin (OPG) is a 
soluble decoy receptor for RANKL which inhibits RANK/RANKL signalling and 
therefore, osteoclastogenesis. Binding of RANKL to its receptor, RANK, triggers 
receptor oligomerisation, which in turn, recruit adapter proteins (e.g., TNF-receptor 
associated factor 6 [TRAF6]), which activate signalling cascades including the c-Src, 
MAPK and/or NF-κB pathways. c-Src activates an Akt/protein kinase B induced anti-
apoptotic pathway and the MAPK pathway induces the translocation of c-Fos and c-
Jun into the nucleus along with the NF-κB. The latter induces the expression of c-Fos 
which interacts with calcium regulated NFATc1, the master activator of RANKL-
induced osteoclast differentiation. This interaction upregulates expression of 
osteoclast-specific genes (e.g., TRAP) and proteins (e.g., DC-STAMP) which play key 
roles in the fusion and activation of osteoclasts, and consequently in synthesis of 
mature osteoclast.  
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receptor for RANKL and negatively regulates the RANK/RANKL signalling pathway, 

inhibiting osteoclastogenesis. In vivo transgenic mice overexpressing OPG develop 

osteopetrosis (increased bone mass) whereas mice lacking OPG had decreased 

bone mass (i.e., osteoporotic bones) (Simonet et al., 1997; Bucay et al., 1998). In 

vitro OPG expression has been shown to suppress the bone resorbing function of 

osteoclasts (Hakeda et al., 1998).  

Chemical messengers, such as PTH, can also impact osteoclastogenesis. 

Continuous PTH exposure promotes bone resorption by upregulating RANKL and 

M-CSF. PTH can also target osteoblasts and stromal cells where it downregulates 

OPG expression, which together with the upregulated RANKL expression leads to 

an increased RANKL/OPG ratio favouring bone resorption (Huang et al., 2003; 

O'Brien et al., 2008) (See figure 1.11).  

 

1.5.5. Glucocorticoids in bone remodelling 

GC signalling also plays a chief part in the regulation of RANK/ RANKL signalling 

and consequently, the bone remodelling process. Endogenous GCs positively 

regulate the differentiation and function of MSCs, which in turn promotes bone 

development and maintenance. In vitro studies have demonstrated that abrogation 

of GC signalling through targeted overexpression of 11β-HSD2 in osteoblasts 

results in MSCs exhibiting reduced capacity to commit to osteoblastogenesis, and 

an increased ability to commit to the adipogenic lineage (Zhou et al., 2008).  This 

was attributable to changes in the expression of WNT proteins which are governed 

by GC levels. Whilst low GC concentrations upregulate WNT 7B and WNT 10B 

expression in osteoblasts and thus, promote osteoblastogenesis; higher GC levels 

inhibit the expression of these WNT ligands and instead, increase expression of 
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WNT signalling inhibitors such as DKK-1 (Mak et al., 2009). Hence, GCs exert both 

beneficial and adverse effects on bone, with low levels being beneficial and high 

levels inducing bone loss and osteoporosis (Ishida and Heersche, 1998; O’Brien et 

al., 2004).  

The exact effects of GCs on bone-resorbing osteoclasts are yet to be determined. 

Previous literature has reported that GCs decrease the number of osteoclast 

progenitors and inhibit their bone resorptive activity but can prolong their lifespan 

(Rubin et al., 1998; Weinstein et al., 1998; Jia et al., 2006). The latter is achieved 

by increased expression of M-CSF. Conversely, discordant results have been 

stated by other studies investigating the effect of GCs on osteoclastic genes, with 

one study reporting that GCs increase the mRNA expression of RANK, RANKL and 

OPG, which consequently increase TRAP and cathepsin K levels and thus, 

osteoclast activation (Swanson et al., 2006). Conflicting results are reported by 

further studies which found that GCs either decrease only OPG levels or do not 

impact RANKL and OPG levels (Hofbauer et al., 1999; Humphrey et al., 2006; Jia 

et al., 2006). These conflicting results may be attributable to the differences in the 

stage of osteoclast differentiation or whether an osteoclast is activated or 

deactivated (Kim, 2006).  

 

1.5.6. Inflammation and bone homeostasis  

Inflammation perturbs normal bone remodelling process in favour of resorption, 

resulting in either impaired bone production or more commonly, net bone loss. This 

is due to the crosstalk between the activated immune system and bone cells. 

Chronic inflammation induces a catabolic state where bone loss is promoted by 

direct communication with cells of the immune system and by synthesis of pro-
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inflammatory cytokines. Cytokines can be categorised into two groups according to 

their ability to influence osteoclastogenesis: osteoclastogenic, if they promote bone 

resorption and anti-osteoclastogenic, if they inhibit osteoclast activity. 

Osteoclastogenic cytokines include IL-1, IL-6, IL-8, IL-17, TGF-β and TNF-α. Such 

cytokines exert their positive regulatory role in osteoclast differentiation by 

upregulating the expression of RANKL on osteoblasts and fibroblastic stromal cells 

(Kotake et al., 1999; Palmqvist et al., 2002; Wei et al., 2005; Yoshitake et al., 2008; 

Ragab et al., 2002). A similar mechanism is exhibited by lymphocytes to stimulate 

osteoclastogenesis. When activated following contact with antigens, B- and T-cells 

induce RANKL-dependent osteoclast differentiation as demonstrated by in vitro 

studies (Kawai et al., 2006). The ability of T-cells to induce or suppress osteoclast 

differentiation varies between the T-helper (Th) subsets. Th17 is the chief 

osteoclastogenic T-cell which stimulates osteoclast production either directly or 

indirectly. This is achieved by either expressing RANKL on its surface which binds 

to RANK on osteoclast precursors, or by producing IL-17 which stimulates 

osteoblasts and fibroblasts to express RANKL leading to further 

osteoclastogenesis. Conversely, Th1 possesses anti-osteoclastogenic activity 

which it executes by secreting IFN-γ which breaks down TRAF6 and so, suppresses 

osteoclast activity (Takayanagi et al., 2000; Sato et al., 2006). Similarly, Th2 cells 

secrete IL-4, which negatively regulates osteoclast formation by inhibiting NFATc1 

expression and TNF-α signalling (Cheng et al., 2011).  

During inflammation, TNF-α inhibits pre-osteoblast differentiation. In vitro studies 

have reported that this inhibition is due to TNF-α suppressing IGF-1, RUNX2 and 

the DNA-binding ability of core-binding factor A1 (cbfa1), which together reduce the 

expression of ALP and matrix deposition (Abbas et al., 2003). Both of the latter 
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markers are important for osteoblast differentiation, as is Cbfa1, which is an 

essential transcription factor for osteoblastogenesis. TNF-α can also causes 

apoptosis of osteoblasts, which contributes to inflammation-mediated bone loss (Hill 

et al., 1997; Jilka et al., 1998). Using transgenic mice overexpressing human TNF-

α, a study investigated the effect of TNF blockage on bone loss (Redlich et al., 

2004). This was achieved by combining anti-TNF therapy with OPG and/ or PTH. 

When administered together with OPG, anti-TNF treatment suppressed 

osteoclastogenesis and therefore, the development of more erosions. But, when 

combined with both OPG and PTH, anti-TNF treatment arrested bone loss and 

repaired bone damage. This study therefore suggests that bone damage can be 

repaired using therapies which can control inflammation whilst driving 

osteoblastogenesis and inhibiting the bone-resorptive activity of osteoclasts.   

IL-6 also negatively regulates osteoblast differentiation by causing a significant 

reduction in the activity of ALP and in the expression osteoblastic genes, which 

include RUNX2 and OSC. This inhibition results in reduced bone mineralisation, 

hence disturbing the balance of normal bone turnover. However, other studies have 

suggested that IL-6 exerts a stimulatory effect on osteoblast differentiation by 

activating a transcription factor called signal transduction and activator of 

transcription 3 (Stat3) and suppressing the TNF-α mediated apoptosis of 

osteoblasts (Jilka et al., 1998; Itoh et al., 2006). Although, most studies have 

reported that inflammation drives bone away from the formative state and towards 

resorption, further research is necessary to establish the exact role of cytokines in 

inflammation-induced bone loss (Hardy and Cooper, 2009). 
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1.6. Murine models of bone loss in inflammatory diseases    

The use of mouse models has proved to be imperative to the research of the 

aetiology, pathogenesis, and consequently, in the management of chronic 

inflammatory arthritides. The most widely used animal models include collagen-

induced arthritis (CIA), collagen-antibody-induced arthritis (CAIA), K/BxN mice and 

TNF-Tg mice (Kannan et al., 2005; Asquith et al., 2009).  

1.6.1. Contributions and limitations of murine models 

Despite the murine models progressing our knowledge of inflammatory arthritis, 

each model does present with inherent limitations.  

CIA, considered the gold-standard in vivo model of RA, shows both, immunological 

and pathological characteristics of RA. The CIA model involves inoculation with type 

II homologous collagen (CII) emulsified with total Freund’s adjuvant (Holmdahl et 

al., 1986; Malfait et al., 2001). The resultant synovitis, bone and cartilage erosion, 

synthesis of CII autoantibodies and CII-specific T-cells mimic the disease 

progression of human RA (Stuart and Dixon, 1983; Joe et al., 1999). Due to the CIA 

model being restricted to the DBA/1 strain, it has been challenging to explore the 

effect of targeted gene deletion or modification as most transgenic models use the 

CIA-resistant C57BL/6 mouse strain (Pan et al., 2004). However, protocols have 

been refined to induce CIA in C57BL/6 mice, although this strain develops a 

variable, milder form of RA, which may yield irreproducible results (Campbell et al., 

2000; Inglis et al., 2008).  

An extension of the CIA model, the CAIA model which displays acute arthritis has 

been generated using monoclonal antibodies against CII to achieve more robust 

and reproducible results. Although clinically, the CAIA model displays symptoms 

and joint pathology, which is similar to human RA, it lacks B- and T-cell response 
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thus cannot be used to investigate the role of adaptive immunity in the development 

of inflammatory arthritis (Yoshino et al., 1990; Nandakumar et al., 2004).  

The K/BxN mouse strain, expressing both the MHC class II molecule and a 

transgenic T-cell receptor recognising specifically an epitope of bovine RNAse 

(KRN), has been integral to study the autoimmune development of inflammatory 

arthritis. Serum from these mice (which contains high levels of autoantibodies to the 

ubiquitous antigen glucose 6-phosphate isomerase) can be injected into recipient 

mice of any strain to induce a reliable, standardisable, resolving inflammatory 

arthritis. The induced arthritis is attributable to complement activation, degranulation 

of mast cells and activation of pro-inflammatory cytokines (namely IL-1 and TNF-α) 

(Kouskoff et al., 1996).  

 

1.6.2. TNF-Tg murine model of inflammatory arthritis  

Transgenic mice overexpressing the human version of the pro-inflammatory 

cytokine, TNF-α are termed TNF-Tg (Keffer et al., 1991). These mice develop 

erosive polyarthritis, the chronic progressive nature of which closely mirrors RA. 

Generally, TNF-α production is tightly regulated, with the AU-rich element (ARE) 

containing 3′ untranslated region (UTR) implicated in the breakdown of TNF-α 

transcripts in resting cells (Han et al., 1990; Pauli, 1994). However, in the TNF-Tg 

mice, the human TNF-α transgene is modified in the ARE containing 3′ UTR and 

replaced with 3′ UTR from the β-globin gene, which lacks ARE elements and is 

therefore more stable and less prone to enzymatic degradation mediated by ARE-

binding proteins. As a result, increased levels of soluble and membrane-bound 

TNF-α are present (Keffer et al., 1991). This has led to the generation of various 

TNF-Tg mouse lines, all of which develop inflammatory arthritis. Such lines include 
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the 3647 and the 197 lines. Whilst Tg-3647 contains only one transgene copy and 

the mice develop mild arthritis, Tg-197 mice contain five copies of the transgene 

and develop severe arthritis. The phenotype displayed by Tg197 more closely 

resembles human RA, but like with CAIA model, lacks adaptive immune pathway in 

RA development (Douni et al., 1995). The TNF-Tg model has been pivotal in 

understanding the cytokine hierarchy in the pathogenesis of RA, and has 

consequently led to the development anti-TNF-α biological agents (Keffer et al., 

1991) 

 

1.6.2.1. TNF-Tg murine model: TNF impact on bone and muscle  

As previously mentioned, TNF-α negatively regulates osteogenic differentiation, 

whilst upregulating osteoclast activation and expression of ubiquitin ligases – net 

result of which is bone loss and muscle atrophy (Lam et al., 2000; Wang et al., 

2014). Hence, TNF-Tg model also mirrors the extra-articular manifestations of RA.  

In a recent study, we reported that when compared with WT mice, the bone volume, 

trabecular number, and thickness was significantly reduced in TNF-Tg mice (Fenton 

et al., 2019). Using histochemistry and subsequent quantification, the study showed 

that the number of osteoclasts stained with TRAP was increased in the bones of 

TNF-Tg mice. The gene expression of osteoblast markers, ALP and OSC, was also 

significantly reduced. Lastly, more significant muscle atrophy was observed in TNF-

Tg mice when compared with WT mice, with the TNF-Tg mice having lower muscle 

weight and smaller fibre size (Fenton et al., 2019).   
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1.7. Summary  

In inflammatory conditions and glucocorticoid use, systemic bone loss accounts for 

a significant complication. In this context, 11β-HSD1 is potently upregulated within 

bone cells, such as osteoblasts, where it may mediate the detrimental actions of 

endogenous and therapeutic GCs in human disease. 

 

1.8. Hypothesis  

We predict that in response to inflammation, the induction of 11β-HSD1 increases 

local exposure to active GCs and results in reduced bone formation. Here the 

application of 11β-HSD1 inhibitors will prevent activation of GCs and protect bone.  

In this study, we will examine the inflammatory regulation and expression of 11β-

HSD1 in bone forming osteoblasts and determine its contribution to the suppression 

of bone formation during inflammation and in response to therapeutic GCs.  

1.9. Aims  

The specific aims for this project are:  

• Establish primary human osteoblast cultures to investigate the expression 

and regulation of 11β-HSD1 in the presence of GCs, and GCs and 

inflammation  

• Characterise the activity and GC activation of 11β-HSD1 in osteoblasts 

• Examine the functional consequences of GCs activated by 11β-HSD1 on 

bone formation by osteoblasts using primary cultures and animal models 
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Chapter 2: Methods 

All in vitro experiments and quantitative analysis of animal work has been done by 

me [Syeda Fareed]. However, biopsies from murine models were obtained by and 

provided to me by Dr Chloe Fenton. A brief overview of how Dr Fenton obtained 

these is stated in my thesis.  
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2.1. Primary human osteoblast cell culture 

Trabecular bone chips were obtained from patients with hip osteoarthritis (age 69 ± 

3 years) (collaboration with Simon Jones (UK National Research Ethics Committee 

14/ES/1044) approval date: 17/9/2016) and stored in phosphate buffer saline (PBS) 

prior to being used. Trabecular chips were cultured in high-glucose Dulbecco’s 

Modified Eagle Medium (DMEM, Sigma, Gillingham). To each bottle of high-glucose 

DMEM, the following were added: 50 ml of 10% fetal bovine serum (FBS); 5 ml each 

of 1% non-essential amino acids, 1% sodium-pyruvate and 1% penicillin-

streptomycin; and 500 µl each of 50 g/ml ascorbic acid and 2 mM -

glycerophosphate. Hereafter, this mixture referred to as osteoblast differentiation 

media, which enables osteoblasts to be released. For the pre-osteoblasts (also 

obtained from bone chips), growth media was used (high-glucose DMEM, 50 ml of 

10% FBS, 5 ml each of 1% non-essential amino acids, 1% sodium-pyruvate and 

1% penicillin-streptomycin). Osteoblasts were grown in incubators at 37°C under a 

5% CO2 atmosphere until they reached a confluency of 80%, after which the bone 

chips were removed. Cell media was replaced every 2 days. The cells were 

trypsinised until 90% of the cells were detached. These were then placed into either 

T25 flasks, 12-well or 96-well plates. The cells were passaged once a confluency of 

80% was reached (around day 21) prior to being plated in 12-well or 96-well plates 

for the relevant experiments (passage 0) or grown to confluence again (passage 1) 

(see figure 2.1). Depending on the aim of the experiment, osteoblasts were then 

allowed to differentiate for three weeks in osteoblast media containing different 

combinations of TNF (10 ng/ml), cortisol (5, 10, 50, 100, 500, 1000 nM), cortisone 

(100 ng/ml) and the 11-HSD1 inhibitor (1 μM): glycyrrhetinic (GE) acid. Control 

osteoblasts were grown in media alone alongside the treated osteoblasts. For 12-
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well plates, the treatments were repeated in 3 wells, whilst for 96-well plates, 5 wells 

were designated to each treatment. Treatments were replaced three times per 

week, with extra care taken to ensure the cells were not disrupted.  

 

2.1.1. Thawing and plating of cryopreserved osteoblasts  

Cryopreserved osteoblasts were removed from liquid nitrogen and thawed in 37°C 

water for 1 minute by gentle swirling. Caution was taken to make sure that the vial 

was not completely submerged in the water. The cryovial was removed and wiped 

with ethanol before placement in a sterile hood. The cells in the vial were 

resuspended and transferred into a falcon tube. Warm media was added to the 

falcon tube, which was then centrifuged for 5 minutes at 1,600 rpm to yield a cell 

pellet at the bottom of the tube. The supernatant was decanted. The resultant cell 

pellet was resuspended in fresh media and transferred to a T75 flask containing 

fresh osteoblast media. The flask was capped and rocked gently to ensure even 

distribution of cells, prior to placement in a 5% CO2 humidified 37°C incubator for 

osteoblasts to grow. Media was replaced every 2 days and cells were grown until 

reaching 80% confluence, after which the osteoblasts were placed in either T25 

flasks, 12-well or 96-well plates (see figure 2.1). The same method was used to 

plate cells with treatment to monitor cell differentiation as mentioned in section 2.1. 
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Figure 2.1: Cell culture set up  

  

For cell culture experiments, 2 sources were used: trabecular bone chips from 3 
patients (n=3) or cryopreserved osteoblasts (n=5).  

Initially, both were cultured in differentiation media or growth media, and incubated 
at 37°C and 5% CO2. The cells were allowed to reach a confluency of 80% (around 
day 21), after which their differentiation status was confirmed. Once the cells were 
confirmed as being mature (via alizarin red staining and mRNA expression levels 
[not illustrated], treatments were added (with the differentiation media) to the mature 
osteoblasts plated on 12/96-well plate (n=5). Treatment duration: 21 days.  
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2.1.2. Alizarin Red staining  

To evaluate calcium deposits and mineralization of osteoblasts in cell culture, an 

Alizarin Red S staining quantification assay was utilised. Care was taken to produce 

the Alizarin Red S staining solution and to correct the pH to 4.1 - 4.3. Once made, 

the solution was stored in the dark prior to use and discarded within 7 days from the 

date of production. Media from cell culture was aspirated, after which the cells 

received a PBS wash. This PBS lacked calcium and magnesium. Precaution was 

taken when washing to make sure that the cell monolayer was not disrupted. Once 

washed, Alizarin Red S stain was added to each well and left to incubate for 45 

minutes in the dark at room temperature. Post incubation period, the stain was 

aspirated, and cell monolayer was washed four times with PBS. The stain was then 

solubilized for 10 minutes with hexadecyl pyridinium chloride monohydrate (Sigma), 

after which the supernatant was diluted with water (1:10). The plate was read using 

Victor multilabel plate reader (PerkinElmer, Bucks, UK) at 570 nm.  

 

2.2. RNA extraction and analysis  

RNA was isolated from cultured cells and tissues. Extracted RNA was measured 

and then, reverse transcribed to yield complementary DNA (cDNA). The cDNA was 

utilised for subsequent analysis by quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) to ascertain expression levels of specific messenger 

RNA (mRNA).  

 

2.2.1 RNA extraction 

The innuPREP RNA Mini Kit 2.0 (AnalytikJena, Jena, Germany) was used to extract 

RNA. Mice tibias were dissected from the hind limb, soft tissue removed and then, 
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homogenized using liquid nitrogen in a sterilised pestle and mortar. Lysis solution 

RL was added to the resulting homogenate to create a mixture which was 

centrifuged for 5 minutes at 13,000 rpm. All centrifugation steps of the extraction 

process were carried out at 4°C. For cells, lysis solution RL was added to the directly 

to the plate and cells were scraped from the monolayers in each well. The 

supernatant from the cell culture and tissues was then placed into a receiver tube 

containing Spin Filter D and centrifuged for 2 minutes at 12,000 rpm. This removes 

genomic DNA, which binds to Spin Filter D which was then discarded. An identical 

volume (~400μl) of 70% ethanol was added into the filtrate and mixed to enable 

ethanol-induced RNA precipitation. The sample was then moved into a receiver 

tube containing Spin Filter R and centrifuged for 2 minutes at 12,000 rpm. Total 

RNA is bound to Spin Filter R, to which washing solution HS is added first and 

centrifuged for 60 seconds at 12,000 rpm. The filtrate is discarded and washing 

solution LS is added and the centrifugation step (60 seconds at 12,000 rpm) is 

repeated. The filtrate is removed, and the filter is transferred to a receiver tube. The 

filtrated containing tube is placed in a centrifuge for 3 minutes at 12,000 rpm. This 

removes any remaining ethanol, drying the RNA. 30 µl of RNAse-free water is 

added to the filter, which is placed into an elution tube, and centrifuged for 1 minute 

at 8,000 rpm. This elutes the purified RNA, concentration of which can be measured 

by means of a NanoDropTM 1000 Spectrophotometer (ThermoFisher, Paisley, UK). 

Following quantification, all RNA samples were stored at -80°C.  

 

2.2.2. Reverse transcription 

Reverse transcription of extracted mRNA was performed to synthesise the more 

stable, single-stranded cDNA, which was then utilised to analyse gene expression. 
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This analysis was conducted using High-Capacity cDNA Reverse Transcription Kit 

(ThermoFisher, Paisley, UK). To 350 ng of RNA, 13 µl of a master-mix formed from 

the kit’s components was added (see table 1). This was then made up to a total 

volume of 20 μl, through the addition of RNAse-free water. The master-mix was 

then placed in a GeneAmp® PCR System 2700 thermocycler (ThermoFisher, 

Paisley, UK) to run. For each run, pre-optimised settings were used: for the first 10 

minutes, a temperature of 25°C was used, followed by 60 minutes at 37°C for and 

48°C for 30 minutes. Following this, the samples were subjected to 95°C for 5 

minutes and then left to rest at 4°C until the samples were removed. The cDNA was 

placed in storage at -20°C until needed for experiments.  

 
Table 2: Quantity of kit component added per single reaction in the reverse 
transcription master mix 

 

2.2.3. Real-Time quantitative reverse transcription PCR (qRT-PCR) 

qRT-PCR amplifies target genes of interest and quantifies their expression in a 

specific reaction. To be able to do so, real-time PCR uses a fluorogenic TaqMan 

probe and specific primers. The TaqMan probe has a reporter fluorochrome at the 

5’ end and a quencher dye at the 3’ end which functions to inhibit the fluorescent 

signal (see figure 2.1). Briefly, the temperature is raised at the start of PCR process 

which causes denaturing of the double-stranded cDNA to form a single-stranded 
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template. During this step, the fluorescence emitted from the reported dye at the 5’ 

end is inhibited by the quencher at the 3’ end. The annealing step follows where the 

probe and primers bind to their specific target sequences. During extension, the Taq 

DNA polymerase uses the template strand and the primers to synthesize a new 

DNA strand. Once the polymerase reaches the TaqMan probe, it utilises its 5’ 

exonuclease activity to degrade the probe. This cleavage allows the inhibited 

fluorescent dye to be released from the quencher, causing an increase in the 

fluorescence emitted (see figure 2.1). The amount of fluorescent signal detected 

positively correlates with the level of the gene of interest that is produced. The 

number of cycles needed for the fluorescence emission to exceed the baseline is 

called the cycle threshold (CT) value.  

For each target gene, a PCR master mix was prepared. This was made up of 3.5 µl 

RNAse free water, 1µl SensiFASTTM Probe Lo-ROX (Bioline, Nottingham, UK) and 

0.5 µl of a specific TaqMan Gene Expression Assay probe (Applied Biosystems, 

Warrington, UK) per sample. To each well of a microarray optical 96-well reaction 

plate (MicroAmp®, Applied Biosystems, Warrington, UK), 9 µl of the master mix and 

1 µl of cDNA was added. Each reaction was performed in duplicate. For each gene, 

a negative control which consisted of only the master mix was also added to the 

plate. An 18S housekeeping gene was used as an internal control for each sample. 

A film was used to seal the plate. The plate was spun for 1 minute at 1,200 rpm to 

remove any air bubbles, and then transferred to ABI7500 qPCR machine (Applied 

Biosystems, Warrington) to run under a set 96-minute cycle. This cycle consisted of 

a pre-cycle step which lasted 10 minutes at 95°C, followed by 40 cycles at the same 

temperature for 15 seconds. The cycle was ended by cooling the plate at 60°C for 

1 minute.  
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Figure 2.2: TaqMan based qRT-PCR 

Real-Time quantitative reverse transcription PCR (qRT-PCR) is carried out in a 
quantitative thermal cycler. The TaqMan probe is key to qRT-PCR, which harbours 
two fluorophores: a reporter fluorophore (R) and a quencher fluorophore (Q), which 
rely on the 5’ and 3’ nuclease activity of the DNA polymerase respectively. When 
in close contact, the fluorescent emissions from the reporter fluorophore are 
inhibited by the quencher. The Taq DNA polymerase possesses a 5’ to 3’ 
exonuclease activity, which starts to cleave the nucleotides at the 5’ end. As the 
DNA strand is extended due to the addition of the primers, the polymerase reaches 
the probe attached to the reporter fluorophore. The R is cleaved and prevents it 
from being quenched. The fluorescence emitted by the reported is detected and 
quantified. The fluorescence level is directly related to the level of gene expression 
present within the sample. 
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2.2.4. Statistical analysis of qRT-PCR 

For each gene, ΔCT value was calculated. This was done by obtaining CT values, 

averaging the duplicates, and normalising to 18S [CT (gene of interest) – CT (18S 

housekeeping gene)]. ΔCT values were then presented as fold change, expressed 

as arbitrary units (AU) which was calculated using the following equation: 

Arbitrary units (AU) = 1000 x (2 -ΔCT) 

Statistical analysis was then conducted using the arbitrary values. To determine 

statistical significance, GraphPad Prism software (GraphPad, San Diego, USA) 

was used. Either a one-way ANOVA or two-way ANOVA analysis with a Tukey 

multiple comparison test were used. N numbers are stated in each figure legend. 

P≤0.05 was determined as being statistically significant. * represents P≤0.05, ** 

represents P≤0.01 and *** represents P≤0.001 

 

2.3. Enzyme linked immunosorbent assays (ELISAs) 

ELISAs were used to analyse the presence of proteins in a sample. For samples 

obtained from experiments, cell culture media from each well was harvested post 

completion of the treatment period. This media was then stored in an ultra-cold 

freezer at 80°C prior to use. All standards and samples were measured in duplicate.  

 

2.3.1. Sandwich ELISA – principles and protocol 

A sandwich ELISA can be employed to detect and calculate protein levels within a 

sample. First, the wells of a microtiter assay plate are coated with a capture antibody 

specific to the target protein. The sample is added to the wells of the microtiter plate, 

so that the target protein directly binds to the capture antibody and becomes 

immobilised on the plate. The unbound sample is washed off and a detection 
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antibody specific to the protein of interest is added. The detection antibody is 

generally conjugated to biotin or directly to an enzyme, particularly horseradish 

peroxidase (HRP). Detection antibodies bound to biotin require a separate step 

where HRP-streptavidin conjugate is added. The HRP-streptavidin conjugate will 

bind to the biotin. Next, a chromogenic HRP substrate such as tetramethylbenzidine 

(TMB) is added, which results in the production of a quantifiable coloured product. 

The amount of coloured product positively correlates to the level of the target protein 

present within the sample. Finally, an acid is added to stop the assay. Standards 

containing a known protein concentration are run alongside the samples so that 

colour intensities can be compared and protein concentrations to be quantified (see 

figure 2.2).  
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Figure 2.3: Principles of a Sandwich ELISA  

The surface of the assay plate is covered with a capture antibody specific to the target 

protein. The protein of interest binds to the capture antibody. Detection antibody is 

then added to the well, which tends to be specific to the target protein. This detection 

antibody is conjugated to biotin or to horseradish peroxidase (HRP). If bound to biotin, 

streptavidin-HRP conjugate is added. A chromogenic substrate is added, which 

mediates an enzyme reaction, and this is seen as a colour change.  
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2.3.2. Human IL-6 ELISA 

A commercially available hIL-6 ELISA kit (BD Biosciences, California, USA) was 

utilised to quantify the levels of the pro-inflammatory cytokine IL-6 in the conditioned 

media collected from the cell culture experiments. The microtiter plate provided with 

the kit was first coated with an anti-human monoclonal capture antibody specific to 

hIL-6. The plate was sealed to prevent evaporation and incubated overnight at 4°C. 

The subsequent day, the contents of the wells were aspirated. The plate was 

washed with wash buffer, inverted, and then blotted onto absorbent paper to remove 

residual buffer. 200 µl of Assay Diluent was added to the plate and incubated for 1 

hour at room temperature. Following incubation, the aspiration and washing steps 

were repeated and 100 µl of standard and sample dilutions in Assay Diluent were 

added. Extra Assay Diluent was used as a blank control and added to two wells of 

the microtiter plate. The plate was placed in an incubator with for 2 hours at room 

temperature. During each incubation period, the plate was sealed using an adhesive 

strip. After being washed five times, 100 µl of human IL-6 conjugate (monoclonal 

antibody specific for hIL-6 conjugated with streptavidin-HRP) was pipetted to each 

well and left to incubate for 1 hour at room temperature. The washing step was 

repeated seven times, after which 100 µl of a Substrate Solution (composed of 1:1 

mixture of TMB and hydrogen peroxide) was added to all wells and left to incubate 

for half an hour in the dark at room temperature. The reaction between HRP and 

TMB produced a colorimetric change to yield a blue colour. The reaction was 

stopped by the addition of 50 µl of a sulfuric acid, which acted as a Stop Solution. 

The optical density (OD) was then measured within 30 minutes. For this, a VICTOR3 

1420 Multilabel counter (PerkinElmer, Llantrisant, UK) plate reader calibrated to 450 

nm was used. The mean absorbance for each duplicate was determined and the 
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mean zero standard absorbance was deducted from all the averaged readings. 

Graphs using the values obtained for the standards against their known 

concentrations (pg/ml) were generated.  

From the graph, a line of best fit was used to create an equation which allowed the 

concentration of the samples to be measured. Where dilution factors were used, 

samples were multiplied by these factors.  

 

2.3.3. Human Pro-Collagen I α1 (hCOLIA1) ELISA 

To measure the collagen levels in the growth media obtained from the conditioned 

media experiments, a commercially available hCOL1A1 ELISA kit (R&D Systems, 

Abingdon, UK) was utilised. Firstly, the assay plate was coated with anti-human pro-

collagen I α1 capture antibody, sealed, and left to incubate overnight at room 

temperature. Following the incubation period, the plate was washed three times and 

blotted to ensure complete removal of the liquid. 300 µl of Reagent Diluent was 

added to each well to block plates and left to incubate at room temperature for one 

hour. The aspiration and washing step were repeated, after which samples were 

added. An undiluted sample was added along with various dilutions of it (in Reagent 

Diluent) 1 in 10, 1 in 100, 1 in 500 and 1 in 1000). Standards were added alongside 

the samples and extra reagent diluent was added to two wells in the plate to be 

used as a negative control. The plate was incubated for 2 hours at room 

temperature. Wells were washed, 100 µl of the detection antibody was added to 

each well and left to incubate for 2 hours at room temperature. After being washed 

three times, 100 µl of streptavidin-HRP was added to each well. After incubating for 

20 minutes at room temperature in the dark and being washed, Substrate Solution 

was added to the plate. The Substrate Solution consisted of equal volumes of TMB 
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and hydrogen peroxide. Addition of TMB caused a colour change from yellow to 

blue. The plate was incubated for a further 20 minutes at room temperature in the 

dark. Finally, the reaction was stopped by the addition of a hydrochloric acid (Stop 

Solution) and gently tapping the assay plate. The OD was measured immediately 

using a VICTOR3 1420 Multilabel counter (PerkinElmer, Llantrisant, UK) plate 

reader set at two wavelengths: 450 nm and at 540 nm. To adjust for optical 

imperfections in the plate, OD readings for each well at 540 nm were subtracted 

from the readings obtained at 450 nm. Once subtracted, results were calculated and 

plotted in the same way as outlined in section 2.3.2.  

 

2.3.4. Statistical analysis of ELISA 

For each biological replicate (individual patient i.e., each bone chip, or 

cryopreserved vial), experiments on three technical replicates were performed. 

From the results obtained from the technical replicates, an average value was 

calculated on which statistical analysis was carried out. GraphPad Prism software 

(GraphPad, San Diego, USA) was used to calculate statistical significance. Either a 

one-way ANOVA or two-way ANOVA analysis with a Tukey multiple comparison 

test were used. N numbers are listed in figure legends. P≤0.05 was determined as 

being statistically significant. * represents P≤0.05, ** represents P≤0.01 and *** 

represents P≤0.001. 

 

2.4. 11β-HSD1 activity assay 

The oxoreductase activity of 11β-HSD1 was established by calculating the 

conversion of radiolabelled 3H-cortisone to 3H-cortisol using thin layer 

chromatography (TLC). TLC is a chromatographic technique used to separate 
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compounds in a mixture based on their solubility in two distinct stages: the stationary 

phase and the mobile phase. The stationary phase consists of the TLC plate being 

coated with an absorbent material (typically silica gel) while the mobile phase refers 

to the solvent used in the developing tank to run the TLC plate. For the mobile 

phase, chloroform and ethanol were the solvents utilised. The compounds in the 

mixture separate between the two phases, according to their structures and 

polarities. Those compounds that are most water-soluble travel slower up the plate 

as they bind strongly to the silica gel (favouring the stationary phase), whilst non-

polar compounds move quickly up the plate as they are more soluble in the mobile 

phase. Radiolabelled steroid substrates and products were measured using a 

BioScanner, allowing the percentage of GC converted during the assay.  

 

2.4.1. Treatment with steroids  

Cells were seeded on a 6-well plate and allowed to reach 100% confluence. Once 

confluent, culture media was collected, and cells were washed in PBS. The plate 

was incubated at 37°C for 3 hours in serum-free DMEM which contained 3H-

cortisone and 1 μl of cold steroid. This media was then aspirated, transferred to 

borosilicate glass tubes, and stored in the freezer at -20°C until required.  

 

2.4.2. Thin layer chromatography (TLC) 

To measure the rate of GC conversion, frozen media was defrosted and used to 

perform TLC. The steroid treatments were first extracted by adding 5 ml of 

dichloromethane into each of the media-containing borosilicate tubes. The samples 

were vortexed for 10 seconds and then centrifuged for 15 minutes at 1,500 rpm. 

The centrifugation allowed for the solution to separate into two phases: an aqueous 
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phase (the media) and an organic phase (steroid-containing dichloromethane). The 

aqueous phase above the dichloromethane was aspirated off and extra care was 

given to ensure removal of all the contaminating debris and media. The organic 

phase containing the steroids was evaporated at 50°C with continuous air flow for 

3 hours using a Dri-Block® Heater DB100/3 (Techne, Staffordshire, UK). Steroids 

were re-suspended in 90 µl of dichloromethane, vortexed and spotted using a glass 

Pasteur pipette (VWR, Lutterworth, UK) onto a labelled silica-coated TLC plate 

(Sigma, Gillingham, UK). 3H-steroid controls were also added on the plate as spots, 

together with the samples. Each spot was separated by 2 cm from the adjacent 

samples and 2 cm from the bottom side of the plate. Steroids were then separated 

according to their molecular making by TLC. A tank containing 200 ml of chloroform: 

ethanol (92:8) was used as the mobile phase, in which the plate was run for 90 

minutes. The plate is then transferred onto an AR-2000 bioscanner (Bioscan, 

Oxford, UK) to assess the radioactivity of the sample. To calculate the percentage 

(%) conversion, region counts from both active and inactive steroid peaks were 

used. Enzyme activity was conveyed in picomoles of steroid converted per mg of 

protein per hour (pmol/mg/hr). Steroid conversion rate was calculated using:  

Conversion rate = Percentage conversion x () x () 

in which S = concentration of steroid substrate (pmol), T = time in hours, and P = 

concentration of protein (mg). Radioactivity of the separated 3H-cortisone and 3H-

cortisol was determined using a Bioscan 200 Imaging Scanner (LabLogic, Sheffield, 

UK) 10 minutes per lane. 
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Figure 2.4: Example of a chromatogram from 11β-HSD1 activity assay 

2.5. Micro-CT analysis 

All in vivo work was carried out by Dr Chloe Fenton carried out under guidelines 

outlined by the Animal (Scientific Procedures) Act 1986 in line with the project 

licence (P51102987). All procedures were approved by the Birmingham Ethical 

Review Subcommittee (BERSC). All mice were housed in the Biomedical Science 

Unit in individually ventilated cages at a humidity of 55% and temperature of 21-

23°C. 

The animal models were used for this thesis: WT, TNF-Tg mesenchymal-specific 

KO of 11β-HSD1 (Twist2-CRE) and global KO of 11β-HSD1 (11βKO).  

 

Representative image of a chromatogram, where the peaks denote human steroids: 
Cortisol (F) and its inactive counterpart, cortisone (E) 
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2.5.1 Models of polyarthritis 

Professor George Kollias (BSRC Fleming, Athens, Greece) kindly provided the 

TNF-Tg murine model of chronic inflammatory polyarthritis, which was maintained 

on C57BL/6 background and compared to the WT group (Keffer et al., 1991).  

Briefly, from the first onset of measurable polyarthritis, mice received either 100 

µg/ml of GC treatment (100 µg/ml corticosterone with 0.66% ethanol) (Sigma 

Gillingham, UK) in their drinking water for three week or vehicle (0.66 ethanol). The 

mice were scored as described previously (Hardy et al., 2016; Naylor et al., 2017). 

At the end of the experiments (7 weeks of age), mice were culled by cervical 

dislocation and their tibias were collected by dissection following animals being 

euthanised by a schedule 1 method. One tibia was fixed in 4% formalin and stored 

in 70% ethanol, whilst the other was homogenised for RNA isolation. 

 

2.5.2 Target deletion of 11β-HSD1 

11β-HSD1 KO mice with a global deletion of 11β-HSD1 were crossed with TNF-Tg 

mice to generate TNF-tg11βKO mice as previously described (Hardy et al., 2018). 

For mesenchymal specific 11β-HSD1 KOs, flx/flx-HSD11B1 mice were crossed with 

Twist2-cre mice. Twist 2 is expressed in mesenchymal derived cell populations and 

its recombinase activity has been shown in osteoblasts. This generated 

11βHSD1flx/flx/Twist2cre animals (Twist2-CRE) which were crossed with TNF-tg 

animals, result of which was TNF-tg11βHSD1flx/flx/Twist2cre (TNF-CRE) (Yu et al., 

2003; Semjonous et al., 2011; Li et al., 2013). Cre recombinase activity has been 

reported to target mesenchymal derived cell populations, which one such population 

being the osteoblasts. 

 



85 
 

Using a Skyscanner 1172 (Bruker Micro-CT, Belgium), X-ray images of the tibias 

and front paws (fixed in the same manner as tibias) were obtained. For these 

images, the source voltage was set to 60 kV and the current settings were set at 

167 µA. At every 0.45° rotation, projections were taken using an exposure of 580 

ms. 3D model of the tibias and front paws were then generated using NRecon 

software (Bruker Micro-CT, Belgium). For each reconstruction, 20% beam 

hardening and ring artefact correction of 4 were used. A misalignment 

compensation of ±5 was accepted, but anything outside this range was rejected and 

the sample was rescanned. 

 

2.5.3 Quantitative micro-CT analysis  

Reconstructed tibia models were analysed using the CT-analyser software (CTan, 

Bruker Micro-CT, Belgium). CTan allowed for cross-sectional slices of the tibias to 

be visualised. For tibias, 150 slices (1 mm of bone) directly below the growth plate 

in the metaphysis were selected for evaluation by drawing around the cortical bone 

using an upper grey threshold of 255 and lower grey threshold of 51. These slices 

were then de-speckled and 3D analysis was performed for the following parameters: 

cortical cross-sectional thickness (Crt.Cs.T), cortical cross-sectional area 

(Crt.Cs.A), endosteal medullary area (Med.A) and periosteal perimeter (Per.P) 

using the Bruker Bone Analysis (Bouxsein et al., 2010). 3D meshes of the tibias 

were produced using MeshLab software. 

 

2.5.4. Qualitative micro-CT analysis 

Using the CTan software (Bruker Micro-CT, Belgium), reconstructed models of the 

front paws were generated. For processing, 255 and 100 were utilised as the upper 
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and lower grey threshold. Each scan was subject to de-speckling and processed to 

create a .ply file. This file was then transferred onto MeshLab, where it was modified 

by means of ambient occlusion (to improve depth cues). Each model was scored 

blindly by three independent people for approximate area affected and erosion. 

Erosion scores for each region are outlined in table 2.  

Approximate area affected 

0 None 

1 A few, small, localised areas 

2 Multiple small-medium areas 

3 Multiple medium-large areas or extensive 

4 
Complete decalcification of joint (appears 

missing) 

Erosion score 

0 Normal - no signs of erosion 

1 Roughness 

2 Pitting  

3 Full thickness holes 

Table 2: Qualitative scoring system of front paws: criteria for approximate 
area affected and erosion scores. 

 

Final score was a product of the area and erosion scores for each region and 

obtaining an overall sum. Example of this is shown in table 3.  

 Erosion score Area affected Total 

Wrist region 2 2 3 

Metacarpals  3 1 3 

Phalanges 2 3 6 

Total 12 

Table 3: Qualitative scoring system of front paws: Example of how the total 
erosion scores were calculated.  
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Chapter 3: Results 

Sections of this chapter have been published as part of a research paper (see 

appendix) 
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3.1. Establishing primary human osteoblast cultures 

To explore the actions of GCs and inflammation on bone forming osteoblasts, bone 

chips isolated from hip osteoarthritis patients were cultured in osteoblast culture 

media using the method outlined in section 2.1. This was to enable the release of 

osteoblasts from the bone chips. Pre-mature osteoblasts were used as a negative 

control and cultured alongside the bone chips. Following differentiation for three 

weeks, the media from mature osteoblasts and pre-osteoblast control was collected, 

and both groups were stained with alizarin red S and assessed for mineralised 

nodule formation. Whilst mature osteoblasts successfully differentiated and 

exhibited mineralised nodule formation in vitro in the form of positive alizarin red S 

staining, the pre-osteoblasts control failed to produce any mineralised nodules (see 

figure 3.1a). Pre-mature osteoblasts are hereafter referred to as pre-osteoblasts.  

 

Subsequently, the media was subjected to mRNA analysis using RT-qPCR. Gene 

expression of multiple osteoblast differentiation markers was studied. In mature 

osteoblasts, a significant upregulation of BGLAP (0.0063 AU ± 0.0001, P≤0.001), 

RANKL (0.1831 AU ± 0.0044, P≤0.01), ALPL (0.00004 AU ± 0.000002, P≤0.01), 

RUNX2 (0.0045 AU ± 0.0002, P≤0.01) and OPG (0.0074 AU ± 0.0004, P≤0.001) 

Figure 3.1. In vitro mineralised nodule formation 

Representative images of mineralised nodules formed in vitro in mature 
osteoblasts (Osteoblast control) and in pre-osteoblasts. Both have been sourced 
from trabecular bone chips. Both have been stained with alizarin red S. Scale bars: 
1000 μM   
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was observed in mature osteoblasts relative to the pre-osteoblasts which showed 

little to no expression for the aforementioned markers (see figure 3.2).  

Figure 3.2. Quantification of gene expression  

Quantification of mRNA expression (AU) of (a) BGLAP (b) RANKL (c) ALPL 
(d) RUNX2 and (e) OPG in mature osteoblasts and pre-mature osteoblast, 
as determined by RT-qPCR. Housekeeping gene used: 18S. Each dataset is 
presented as mean ± standard error of the mean (SEM) from the bone chips 
obtained for 3 independent patients (n=3). Statistical significance was 
established using two-way ANOVA with Tukey’s multiple comparisons test (** 
represents P≤0.01 and *** represents P≤0.001).  
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Consequently, type 1 collagen, a systemic marker of bone formation was examined 

using an ELISA assay. Mature osteoblasts formed significant levels of collagen 

(0.611 pg/ml ± 0.03, P≤0.01) relative to the pre-osteoblasts which failed to produce 

any detectable collagen (see figure 3.3).  

 

Following validation of bone chips being able to differentiate into mature 

osteoblasts, upregulate markers of osteogenic differentiation and synthesise 

collagen, the actions of GCs on osteoblasts was explored. 

 

3.2. Glucocorticoids inhibit markers of mature osteoblasts 

To assess the effect of GCs on osteogenic differentiation, mature osteoblasts (n=3) 

obtained from bone chips as previously outlined, were treated with different 

concentrations of cortisol (F), the primary GC in humans. These concentrations 

Figure 3.3. Collagen production in osteoblasts 

ELISA analysis (pg/ml) of collagen production in the media of mature osteoblasts 
and pre-osteoblasts using a human pro-collagen I alpha 1 ELISA Kit. The dataset is 
presented as mean ± standard error of the mean (SEM) from the bone chips 
obtained for 3 independent patients (n=3). Statistical significance was established 
using two-way ANOVA with Tukey’s multiple comparison test (** represents 
P≤0.01).  
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modelled both endogenous GCs (F10: 10 ng/ml and F50: 50 ng/ml) and therapeutic 

GCs (F100: 100 ng/ml, F500: 500 ng/ml, and F1000: 1000 ng/ml). Alongside the 

treatments, osteoblasts in the absence of any treatments (control group) were 

grown. The media representing different GCs concentration was collected for ELSA 

and gene expression analysis. To confirm that mature osteoblasts had responded 

to the GC treatments, the expression of a GC response gene, GILZ, was assessed. 

GILZ expression increased with increasing concentration of F (see figure 3.4a). 

GILZ expression was significant when comparing the control group with: F10 

(0.0027 AU ± 0.0009, P≤0.05), F50 (0.004 AU ± 0.002, P≤0.05), F100 (0.006 AU ± 

0.003, P≤0.01), F500 (0.012 AU ± 0.007, P≤0.001) and F1000 (0.024 AU ± 0.017, 

P≤0.001). mRNA expression of markers of osteogenic differentiation were then 

studied. Gene expression of osteocalcin (encoded by BGLAP gene) was potently 

suppressed in the presence of GCs (see figure 3.4b). This suppression was 

statistically significant (P≤0.001) when comparing the control group with: F10 

(0.0001 AU ± 0.00008), F50 (0.000007 AU ± 0.0000006, F100 (0.0000057 AU ± 

0.0000024), F500 (0000057 AU ± 0.0000046) and F1000 (0.000002840 AU ± 

0.0000024). However, GCs stimulated the expression of RANKL, which is a marker 

of immature osteoblasts (see figure 3.4c). A similar pattern of gene expression 

upregulation was seen with a marker of osteoblast activity called alkaline phosphate 

(encoded by ALPL gene) (see figure 3.4d). The expression of RUNX2, a key 

transcription factor associated with osteogenic differentiation was induced with 

increasing concentrations of F (see figure 3.4e). The gene expression increases for 

RANKL, ALPL and RUNX2 were not statistically non-significant. Changes in the 

expression levels of OPG were observed with varying GC concentrations. GC 
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concentrations were shown to decrease OPG expression (see figure 3.4f). Tukey’s 

multiple comparisons test reported these changes as non-significant.  

 

 

 

Figure 3.4: Quantification of gene expression for different doses of GC treatment 

Quantification of mRNA expression (AU) of (a) GILZ (b) BGLAP (c) RANKL (d) ALPL 
(e) RUNX2 and (f) OPG in mature osteoblasts (n=3) in the presence of different 
concentrations of cortisol (F) as determined by RT-qPCR. 18S was used as a 
housekeeping gene. Each dataset is presented as mean ± standard error of the mean 
(SEM). The cells were sourced from the bone chips obtained for 3 independent 
patients (n=3). Statistical significance was established using one-way ANOVA with 
Tukey’s multiple comparisons test (* represents P≤0.05, ** represents P≤0.01 and *** 
represents P≤0.001). The absence of * signifies the data is statistically insignificant. 
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3.3. Analysis of collagen production in response to GCs 

Collagen production was then evaluated using the treated media collected from cell 

culture. ELISA analysis of the treated media showed a pattern mirroring the OPG 

expression – an overall non-significant increase in collagen synthesis was observed 

when the cells were treated with GCs (see figure 3.5).  

 

3.4. Glucocorticoids inhibit expression of WNT signalling factors 

Due to the important role WNT signalling plays in osteoblastic differentiation, 

several markers of WNT signalling were examined at the mRNA level. Using the 

treated cells, gene expression of a WNT antagonist: DKK-1 and WNT agonists (10B 

and 11) encoded by respective WNT 10B and WNT 11 genes were examined. In 

the presence of increasing concentrations of GCs, DKK-1 expression was 

Figure 3.5. Pro-collagen I alpha 1 ELISA analysis at different GC doses  

ELISA analysis of collagen production in the media of mature osteoblasts (n=3, 
obtained from trabecular bone chips) in the presence of different concentrations of 
cortisol (F) using a human pro-collagen I alpha 1 ELISA Kit. The dataset is presented 
as mean ± SEM. Statistical significance was established using one-way ANOVA 
with Tukey’s multiple comparison test. (* represents P≤0.05, ** represents P≤0.01 
and *** represents P≤0.001). The absence of * signifies the data is statistically 
insignificant. 
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upregulated (see figure 3.6a). However, the expression levels of WNT10B and 

WNT11 generally decreased with increased F concentrations (see figure 3.6b-c) - 

a trend which mirrors the pattern seen with expression levels of OSC suggesting 

the suppression of osteoblast differentiation with increasing GC concentrations. 

For WNT 10B, statistical significance (P≤0.05) was observed for control vs: F10 

(0.000056 AU ± 0.00002), F50 (0.000026 AU ± 0.00002), F500 (0.000058 AU ± 

0.0000005) and F1000 (0.000058 AU ± 0.000003). However, no statistical 

significance was observed for DKK-1 and WNT11. Together, these results may 

indicate an overall decrease in anabolic WNT signalling in response to GCs. 
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Figure 3.6. Gene expression of WNT signalling factors at different GC doses 

Quantification of mRNA expression (AU) of (a) DKK-1 (b) WNT 10B and (c) WNT 
11 in mature osteoblasts (grown and differentiated from trabecular bone chips, 
n=3) in the presence of different concentrations of cortisol (F) as determined by 
RT-qPCR. For each RT-PCR, 18S was used as a housekeeping gene. Each 
dataset is presented as mean ± standard error of the mean (SEM). Statistical 
significance was established using one-way ANOVA with Tukey’s multiple 
comparisons test (* represents P≤0.05). The absence of * signifies the data is 
statistically insignificant. 
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3.5. Glucocorticoids suppress the inflammatory mediator IL-6 

To examine the effect of GCs in the regulation of basal inflammation when there is 

no inflammatory stimulus present, the gene expression of pro-inflammatory 

cytokines, IL1-β and IL-6 (respectively encoded by IL1-β and IL-6 genes) was 

investigated. As before, gene expression analysis using the treated media was 

performed. mRNA results for both pro-inflammatory cytokines suggested that 

compared to control, GCs suppress the expression of IL1-β and IL-6, but with 

increasing concentrations of F, levels of both pro-inflammatory mediators show a 

non-significant increase (see figure 3.7a-b). However, an ELISA assay was used to 

measure pro-inflammatory IL-6, which showed that compared to the control group, 

GCs potently inhibit IL-6 production. Statistical significance (P≤0.001) was observed 

for control vs: F10 (0.660 AU ± 0.178), F50 (0.747 AU ± 0.219), F100 (0.410 AU ± 

0.043), F500 (0.577 AU ± 0.101) and F1000 (0.566 AU ± 0.076) (see figure 3.7c). 
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3.6. Examination of different markers under inflammatory TNF-α stimulus  

To examine the effect of GCs on osteoblasts during inflammation, separate mature 

(differentiated) osteoblasts (n=3) were grown from bone chips (as previously 

discussed) and cultured alongside the above-mentioned cell culture experiments. 

However, to model an inflammatory stimulus, TNF-α (10 ng/ml) was added together 

with F at the same concentrations (F10, F50, F100, F500, F1000). As before, mRNA 

expression of the same genes (GILZ, BGLAP, RANKL, ALPL, RUNX2 and OPG) 

Figure 3.7: Gene expression and ELISA analysis of inflammatory mediators 
at different GC doses 

Quantification of mRNA expression (AU) of (a) IL1-β and (b) IL-6 in mature 
osteoblasts (differentiated from trabecular bone chips, n=3) in the presence of 
different concentrations of cortisol (F) as determined by RT-qPCR  (where 18S 
housekeeping gene acted as an internal control) (c) ELISA analysis 
(pg/ml/mg/protein) of IL-6 in the media of mature osteoblasts treated with different 
concentrations of cortisol (F). The dataset is presented as mean ± standard error 
of the mean (SEM). Statistical significance was established using one-way ANOVA 
with Tukey’s multiple comparisons test (** represents P≤0.001). The absence of * 
signifies the data is statistically insignificant. 
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was analysed. Although, TNF-α was shown to induce GILZ expression at increasing 

concentrations of GCs, when compared with F only experiments, the overall GILZ 

response was noted to be suppressed (see figure 3.8a). This may be suggestive of 

a reduced GC signalling response in the presence of an inflammatory stimulus. In 

the context of BGLAP, the same pattern was seen in the presence of TNF-α + F as 

with the F only experiments. TNF-α also potently inhibited osteocalcin (see figure 

3.8b) suggesting inhibition of osteoblast differentiation. Gene expression of RANKL 

in the presence of TNF-α + F showed a general increase with increasing 

concentrations of GCs, mimicking the F only response for RANKL (see figure 3.8c). 

Although, mRNA analysis of ALPL and RUNX2 also showed a general increase for 

TNF-α + F experiments, when compared to the F only experiment, a combination of 

an inflammatory stimulus and GCs showed a marked decrease in the expression 

levels of these genes (see figure 3.8d-e). The expression level of OPG showed very 

little changes of the effect GCs exert on it when TNF-α is present (see figure 3.8d), 

suggesting inflammation has minimal effect on OPG expression. Statistical analysis 

comparing F only groups with TNF-α + F groups showed no statistical significance. 
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Figure 3.8: Quantification of gene expression in presence and absence of TNF-α 

Quantification of mRNA expression (AU) of (a) GILZ (b) BGLAP (c) RANKL (d) ALPL  
(e) RUNX2 and (f) OPG in mature osteoblasts (n=3) in the presence of different 
concentrations of cortisol (F) only or in the presence of F + TNF as determined by RT-
qPCR. An 18S housekeeping gene was used for RT-PCR experiments. The cells were 
obtained by allowing cells to grow and differentiate from trabecular bone chips. The 
dataset is presented as mean ± standard error of the mean (SEM). Statistical 
significance was established using two-way ANOVA with Tukey’s multiple comparisons 
test. The absence of * signifies the data is statistically insignificant. 
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3.7. TNF-α reduced expression of WNT agonists  

To investigate if inflammation has a similar suppressive effect on WNT-mediated 

osteoblastogenesis, the media treated with TNF-α, and varying GC concentrations 

was used for mRNA analysis. Although, an overall increase in the expression of 

DKK-1 was observed with GCs in the presence of an inflammatory stimulus, TNF-α 

appeared to be downregulating DKK-1 relative to GC only treatments (see figure 

3.9a). Furthermore, the addition of TNF-α caused downregulation of both WNT 

agonists, WNT 10B and WNT 11 at endogenous GCs levels and an increase in the 

therapeutic GCs concentrations (see figure 3.9b-c). However, these changes are 

muted and statistically non-significant relative to the F only group.  
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3.8. TNF-α and glucocorticoids synergistically suppress inflammatory 
mediators 

To assess the impact of GCs on bone forming osteoblasts in the presence of 

inflammation (TNF-α), the gene expression of inflammatory mediators, IL1-β and 

IL-6, was studied. Gene expression analysis performed by RT-qPCR revealed that 

TNF-α and GCs cause suppression of IL1-β and IL-6 expression. The higher the 

concentration of GCs, the higher the suppression. However, these results were 

statistically non-significant (see figure 3.10)  

Figure 3.9: Gene expression of WNT signalling factors in presence and 

absence of TNF-α  

Quantification of mRNA expression (AU) of (a) DKK-1 (b) WNT 10B (c) WNT 11 in 
mature osteoblasts (sourced from trabecular bone chips, n=3) in the presence of 
different concentrations of cortisol (F) only or in the presence of cortisol (F) and TNF-
α as determined by RT-qPCR. An 18S housekeeping gene was used as an internal 
control. The dataset is presented as mean ± standard error of the mean (SEM). 
Statistical significance was established using two-way ANOVA with Tukey’s multiple 
comparisons test. The absence of * signifies the data is statistically insignificant. 
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Figure 3.10: Gene expression of inflammatory mediators in presence and 

absence of TNF-α  

Quantification of mRNA expression (AU) of (a) IL1-β and (b) IL-6 in mature 
osteoblasts (n=3) in the presence of different concentrations of cortisol (F) only or in 
the presence of cortisol (F) and TNF-α as determined by RT-qPCR, where 18S was 
used as a housekeeping gene. The cells were grown and differentiated from bone 
chips extracted from patients with hip osteoarthritis. The dataset is presented as 
mean ± standard error of the mean (SEM). Statistical significance was established 
using two-way ANOVA with Tukey’s multiple comparisons test. The absence of * 
signifies the data is statistically insignificant. 
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3.9. Glucocorticoids and inflammation synergistically increase 11β-HSD1 
expression  

Following the preliminary dose dependent experiments investigating the effects of 

GCs on osteoblasts in the presence and absence of inflammation, optimised 

experiments with a greater n number were carried out. 100 nmol/L was used as an 

optimal physiological GCs concentration for the new set of experiments.  

Primary human osteoblasts (n=5) were obtained from a cryopreserved vial and 

plated using the same method as outlined in section 2.1. Once 80% confluent, 

osteoblasts were transferred into 12-well plate and 96-well plate for the addition of 

different treatments. These include a negative control (no treatment), TNF (10 

ng/ml), F100 (100 nmol/L) and a combination of TNF-α and F at the stated 

concentrations. After being differentiated for three weeks, the treated media was 

collected, and the cells were stained with alizarin red S to visualise mineralised 

nodule formation. Control and F only groups showed relatively the same amounts 

of nodule formation (see figure 3.11a [A and C] – 3.11b), whilst TNF-α appeared to 

increase the formation of nodules (See figure 3.11a [B] and 3.11b). TNF-α + F 

caused a synergistic increase in the production of mineralised nodules (see figure 

3.11a [D] and 3.11b). However, the increase in the nodule formation was not 

statistically significant. The representative images revealed atypical nodule staining 

as a biofilm was noted which resulted in non-specific staining.  

Using the treated media collected from cell culture, mRNA expression of 11β-HSD1 

was measured using RT-qPCR (see figure 3.11c). Whilst minimal 11β-HSD1 

expression was observed in the control and F only group, TNF-α induced 11β-HSD1 

expression. The expression levels were significantly increased (P≤0.05) in the TNF-

α + F group relative to the control and F only group (0.0255 AU ± 0.0089 vs control:  
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0.00034 AU ± 0.0001, P≤0.05). This suggests that the inflammatory stimulus and 

GCs had a synergistic effect on 11β-HSD1 expression.  

 

3.10. Glucocorticoids and inflammation synergistically reduce collagen 
production  

Treated media collected from optimised cell culture experiments (n=5) were used 

for ELISA analysis to assess the impact of GCs and TNF-α on collagen production 

(see figure 3.11d). Results demonstrated that in relation to the control group (no 

treatment), TNF-α caused a significant reduction (TNF-α: 50.07 pg/ml ± 50.07 vs 

control: 524.09 pg/ml ± 72.47, P≤0.01) in the production of collagen. Significant 

decrease was also seen with F only group (F: 158.53 pg/ml ± 79.12 vs control: 

524.09 pg/ml ± 72.47, P≤0.05) and TNF-α and F group (TNF-α and F: 0.57 pg/ml ± 

0.45 vs control: 524.09 pg/ml ± 72.47, P≤0.01) when compared with the control. The 

latter appeared to be synergistically suppressing collagen production.  
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Figure 3.11. Confirmation of bone mineralisation and 11β-HSD1 expression 

(a) Representative images of Alizarin Red S stained mineralised nodules formed by 
mature osteoblasts (n=5) in (A) control group and treated with (B) TNF-α at 10 ng/ml (C) 
Cortisol [F] at 100 nmol/L and (D) TNF-α (10 ng/ml) + F (100 nmol/L) (b) Quantification 
of Alizarin Red S stain in mature osteoblasts (n=5) in the control, F, TNF-α and TNF-α 
+ F groups using a microplate reader (c) Quantification of mRNA expression (AU) of 
11βHSD1 the media of mature osteoblasts (n=5) in the control group and those treated 
with F, TNF-α and TNF-α + F groups. The housekeeping gene used was 18S. (d) ELISA 
analysis of collagen production in the media of mature osteoblasts (n=5) in control group 
and those treated with F, TNF-α, and TNF-α + F group was quantified using a human 
pro-collagen I alpha 1 ELISA Kit. The dataset is presented as mean ± SEM, where the 
cells were thawed, grown, and differentiated from cryopreserved vials. Statistical 
significance was established using one-way ANOVA with Tukey’s multiple comparison 
test (* represents P≤0.05, ** represents P≤0.01 and *** represents P≤0.001). The 
absence of * signifies the data is statistically insignificant. 
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3.11. TNF-α inhibits osteoblast differentiation in vitro 

The actions of inflammation and GCs on mRNA expression of osteoblast 

differentiation markers was analysed using RT-qPCR.  

The expression of BGLAP was reduced in the presence of an inflammatory stimulus 

but upregulated in the presence of GCs (see figure 3.12a). Consequently, when 

osteoblasts were treated with TNF-α and F together, TNF-α suppressed the F 

induced upregulation producing an overall decrease in BGLAP expression relative 

to the control (see figure 3.12a). These changes were statistically non-significant.  

RANKL, an osteoclastogenic cytokine, was upregulated in the presence of TNF-α 

(see figure 3.12b). However, minimal expression was observed in the control and F 

only group (see figure 3.12b). In the presence of TNF-α and F, GCs were shown to 

be antagonising TNF-α induced increase in RANKL expression (see figure 3.12b). 

This resulted in an overall non-significant decrease.  

TNF-α lowered the expression levels of ALPL in relation to the control group, whilst 

GCs increased ALPL levels. When TNF-α and F were added together (see figure 

3.12c), TNF-α suppressed the ALPL increase that was induced by F, causing an 

overall reduction (see figure 3.12c). Changes seen in the expression of ALPL were 

statistically non-significant.  

RUNX2, a marker used as a measure of differentiation, decreased with TNF-α 

relative to the control group, but was induced with GCs (see figure 3.12d). When 

TNF-α and F were added together, RUNX2 expression was increased further (see 

figure 3.12d). This may be attributable to GCs exerting a stronger stimulatory effect 

to oppose the suppression induced by TNF-α. Changes in expression levels of 

RUNX2 were statistically non-significant. 
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3.12. TNF-α upregulates pro-inflammatory cytokine expression in vitro 

Gene expression of inflammatory mediators, IL1-β and IL-6, was heightened in the 

presence of TNF-α (see figure 3.12e-f). This induction was statistically significant 

for both cytokines (IL1-β: 0.0014 AU ± 0.0005, P≤0.05 and IL-6: 0. 08 AU ± 0.02, 

P≤0.01). The addition of F only treatment caused a non-significant reduction in the 

levels of both IL1-β and IL-6 relative to the control. However, F-induced decrease 

were statistically significant relative to the TNF-α treated osteoblasts for both IL1-β 

(F: 0.000015 AU ± 0.000012 vs TNF-α: 0.001416 AU ± 0.000446, P≤0.05) and IL-6 

(F: 0.002271 AU ± 0.000662 vs TNF-α: 0.078 AU ± 0.021932, ≤0.01). When present 

together, F was shown to cause a non-significant reduction in the TNF-α mediated 

increase in the IL1-β and IL-6 expression level (see figure 3.12e-f). For IL-6, the 

results shown for TNF-α + F treatment were statistically significant relative to the F 

only treatment (TNF-α + F: 0.023175 AU ± 0.003238 vs F: 0.002271 AU ± 0.000662, 

P≤0.05).  

Together, these results suggest that GCs suppress the expression of inflammatory 

mediators, whilst in the context of inflammation, IL1-β and IL-6 expression is 

increased.  
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3.13. Exploring the role of 11βHSD1 in osteoblast during inflammation in vitro 

To study the effect of 11βHSD1 in osteoblasts, it was important to ascertain if 

osteoblasts possessed any 11βHSD1 responsiveness. To investigate this, mRNA 

expression of 11βHSD1 in the treated media was analysed using RT-qPCR (see 

figure 3.13a). 11βHSD1 expression was muted in the control and GC only group. 

The expression of 11βHSD1 appeared to be upregulated with TNF-α. Further 

synergistic increase in the 11βHSD1 levels were seen in the TNF-α + F group, which 

was statistically significant compared to the control (no treatment) (TNF-α + F: 

0.0255 AU ± 0.0089 vs control: 0.0005 AU ± 0.0003, P≤0.05) and F only group 

(TNF-α + F: 0.0255 AU ± 0.0089 vs F: 0.000343005 AU ± 0.000139754, P≤0.05).  

Following validation of 11βHSD1 expression in osteoblasts, an 11βHSD1 activity 

assay was done on new set of mature osteoblasts (n=5) treated with TNF-α, 

cortisone (E) and TNF-α + E. Other treatments used were 11βHSD1 inhibitor, 

glycyrrhetinic acid (GE), TNF-α + E + GE. A negative control (no treatment) was 

used alongside the treatments. For this set of experiments, E was used instead of 

F, because being a bi-directional enzyme, 11βHSD1 mainly activates GCs (F to E). 

This would enable the activation of F to be monitored and quantified. The 11βHSD1 

activity assay was run as per the method outlined in section 2.4. In the presence 

and absence of GE. Results showed that inflammation upregulates the 11βHSD1 

activity compared to the control and E only groups, whilst TNF + E synergistically 

increase 11βHSD1 activity (see figure 3.13b). In the presence of GE, 11βHSD1 

activity is still present which may indicate that GE is causing partial inhibition of 

enzyme activity. These results are statistically non-significant.  
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Figure 3.13: Validation of 11β-HSD1 expression and activity  

 

3.14. TNF-α and GE inhibit osteoblastogenesis and increase inflammatory 
mediators  

mRNA expression of selective osteoblast differentiation markers and inflammatory 

mediators was quantified using mRNA analysis. This was to explore the impact of 

GE on osteoblastogenesis in the presence of inflammation.  

TNF-α suppresses BGLAP expression, which appears to be induced with TNF-α + 

E relative to the control group (see figure 3.14a). In the presence of TNF-α + E, an 

increase in the expression of BGLAP is observed which may be due to E exerting a 

stronger stimulatory effect on BGLAP relative to TNF-α (see figure 3.14a). The 

addition of GE results in the suppression of BGLAP. When TNF-α + E + GE are 

present together, the stimulatory effect of E is being suppressed by GE which results 

Quantification of mRNA expression (AU) of (a) 11β-HSD1 present in the media of 

mature osteoblasts (grown and differentiated from frozen vials, n=5) in the control, 

TNF-α, F and TNF-α + F groups. Housekeeping gene used: 18S (b) Quantification 

of 11β-HSD1 activity in mature osteoblast (n=5) in the presence of a 11β-HSD1 

inhibitor, glycyrrhetinic acid (GE) (solid black line border) and in the absence of a GE 

(dashed black line border) in the control, TNF-α, F and TNF-α +F groups. Each 

dataset is presented as mean ± standard error of the mean (SEM). Statistical 

significance was established using one-way ANOVA with Tukey’s multiple 

comparisons test (* represents P≤0.05). The absence of * signifies the data is 

statistically insignificant. 
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in the decreased activity compared with TNF-α + E (see figure 3.14a). Statistical 

analysis reveals these results as non-significant.  

Inflammation strongly induces RANKL expression, which is suppressed in the 

control, E only and GE only groups (see figure 3.14b). The stimulatory effect of TNF-

α was suppressed in TNF-α + E group, which may have been attributable to E being 

converted to F, and F suppressing the inflammatory effect of TNF-α (see figure 

3.14b). Treatments in which TNF-α, E and GE are present together, an induction of 

RANKL expression is seen (see figure 3.14b). However, these results are not 

statistically significant.  

In the presence of TNF-α, ALPL expression is reduced whereas, E is shown to 

increase ALPL levels (see figure 3.14c). When added together as a treatment, the 

suppressive activity of TNF-α decreases E-induced ALPL expression. GE has a 

similar stimulatory effect on ALPL, with levels increased in the GE group relative to 

control (see figure 3.14c). TNF-α exerts its suppressive activity in the TNF-α + E + 

GE group causing the levels of ALPL expression to be decreased (see figure 3.14c).  

TNF-α decreases the activity of RUNX2 in comparison to the control group, whilst 

E positively influences RUNX2 (see figure 3.14d). TNF-α + E treatment results in a 

significant increase in ALPL expression relative to TNF-α only group (TNF-α + E: 

0.0011 AU ± 0.00017 vs TNF-α: 0.0002 AU ± 0.0002, P≤0.05). The expression level 

of RUNX2 with GE was like the control only group. However, in the TNF-α + E + GE 

group, the expression levels showed significant increase compared to the TNF-α 

group (TNF-α + E + GE: 0.0011 AU ± 0.00017 vs TNF-α: 0.0002 AU ± 0.0002, 

P≤0.05).  
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In the presence of TNF-α, expression of both inflammatory mediators (see figure 

3.14e-f), IL-1β and IL-6 is significantly increased (IL-1β: 0.00142 AU ± 0.00045, 

P≤0.05 and IL-6: 0.067 AU ± 0.019, P≤0.01) compared to the control. E is shown to 

significantly inhibit IL-1β and IL-6 synthesis (IL-1β: 0.00002 AU ± 0.00001, P≤0.05 

and IL-6: 0.00180 AU ± 0.00057, P≤0.001). Whilst TNF-α + E cause an increase in 

both, IL-1β and IL-6 (relative to the control), the increase is only significant in IL6 

expression (IL6: 0.207 AU ± 0.0028, P≤0.05) relative to TNF-α only treatment. This 

may be due to E suppressing the TNF’s inhibitory effect. The expression of both 

inflammatory mediators is significantly inhibited by GE compared to TNF-α only 

treatment (IL-1β: 0.00003 AU ± 0.00002 and IL-6: 0.0066 AU ± 0.0047, P≤0.05). 

TNF-α + E + GE increased both, IL-1β and IL-6, although statistical significance was 

only noted for IL-6 expression (IL-6: 0.0468 AU ± 0.0093, P≤0.05).  
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Figure 3.14: Gene expression of osteoblast markers with cortisone and 11β-
HSD1 inhibitor  

Quantification of mRNA expression (AU) of (a) BGLAP (b) RANKL (c) ALPL (d) 
RUNX2 (e) IL1-β and (f) IL6 present in the media of mature osteoblasts (n=5) in the 
control, TNF-α, cortisone [E], TNF-α + E, glycyrrhetinic acid (GE) and TNF-α + E + 
GE groups.18S was used as a housekeeping gene for RT-PCR. Each dataset is 
presented as mean ± standard error of the mean (SEM). Statistical significance was 
established using one-way ANOVA with Tukey’s multiple comparisons test (* 
represents P≤0.05, ** represents P≤0.01 and *** represents P≤0.001). The black 
lines above the graphs represent the groups which are statistically significant. The 
absence of * signifies the data is statistically insignificant. Source of cells – 
cryopreserved osteoblasts, which were thawed, grown, and differentiated into 
mature osteoblasts.   
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3.15. Exploring the role of 11β-HSD1 in osteoblast during inflammation in vivo  

Following investigation of 11β-HSD1 function in osteoblasts in vitro, murine models 

were used to explore the activity of 11β-HSD1 on bone in vivo. To study this, 3 

mouse models were used: wildtype (WT), TWIST-2-CRE (CRE) mice in which 

mesenchymal 11βHSD1 was knocked out and the global 11β-HSD1 KO mice. To 

validate the abrogation of 11β-HSD1 in these mouse models, 11β-HSD1 activity 

assay was done to assess F activation. WT’s ability to activate F was significantly 

increased relative to CRE and 11β-HSD1KO (WT: 2.88 pg/mg protein/ hr ± 0.33 vs 

CRE: 0.63 pg/mg protein/ hr ± 0.15 and 11β-HSD1KO: 0.21 pg/mg protein/ hr ± 0.02 

respectively. p≤0.001), whist the ability of CRE to activate cortisol showed a non-

signifcant increase in comparison to the 11β-HSD1 KO mice.  

 

Figure 3.15. Validating the CRE and 11β-HSD1 KO mouse model 
Cortisol activation in tibia ex vivo biopsies obtained from wildtype (WT), CRE and 
11βHSD1 knock out (11βHSD1KO) mice was analysed using scanning thin-layer 
chromatography. The dataset is presented as mean ± standard error of the mean 
(SEM). Statistical significance was established using two-way ANOVA with Tukey’s 
multiple comparisons test (** represents P≤0.01 and *** represents p≤0.001). The 
black lines above the graphs represent the groups which are statistically significant.  
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3.16. Glucocorticoid treatment induces systemic bone loss (i.e., bone 
erosions) 

Following confirmation of 11βHSD1 abrogation in the CRE and 11βHSD1 KO 

(11βKO) mice and the analysis of cortisol activation in these murine models 

alongside the WT mice, all murine models were given corticosterone (cort, 100 

mg/L) in their drinking water for 3 weeks. Cort is the main glucocorticoid in mice. 

Alongside the corticosterone treatment, mice without any treatments were 

maintained as controls. The following mouse groups were used to carry out 

quantitative analysis for the purpose of this thesis: WT, WT cort, WT-Twist-2 CRE 

(WT CRE), WT-Twist-2 CRE cort (WT CRE cort), TNF-Tg, TNF-Tg cort, TNF-Twist-

2 CRE (TNF CRE) and TNF-Twist-2 CRE cort (TNF CRE cort), 

To study the action of GCs and an inflammatory stimulus (TNF-α) on joints, excised 

front paws were subject to micro-CT analysis. This enabled the degree of bone 

erosions to be investigated. Micro-CT analysis showed that both the untreated WT 

and WT CRE mice had relatively the same degree of joint erosions. However, the 

addition of cort to the WT group substantially increased the degree of bone erosion. 

Although WT CRE mice receiving cort also demonstrated increased bone erosion, 

this increase was not observed in the WT cort group (see figure 3.16a). The degree 

of change between WT and WT cort was statistically significant (5.42 AU ± 0.99 vs 

TNF: 13.58 AU ± 0.99, p≤0.001). The increased bone erosions are observable in 

images of reconstructed front paws and cross-sectional bone (see figure 3.16b-c).  

Cortical bone parameters of tibias from WT and WT CRE mice receiving cort was 

analysed. Change in cortical bone area was statistically significant for WT mice 

receiving cort (22.46 AU ± 0.3097 vs 24.59564 AU ± 0.309767, p≤0.001) (see figure 

3.16d) and for the same group, in periosteal perimeter (421.36 AU ± 4.60 vs 468.77 
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AU ± 19.22, p≤0.001) (see figure 3.16g). However, for the remaining parameters, 

muted changes and no statistical significance was observed.  
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Figure 3.16. Bone erosion scores and cortical parameters in WT and WT-

Twist-2-CRE (WT CRE) mice with and without cort, with reconstructed 

images  

(a) Quantification of bone erosions (AU) in WT (n=8) and WT CRE (n=6) mice 
receiving either vehicle control, or corticosterone (cort; 100 μg/ml): WT CRE cort 
(n=5) and WT Cort (n=6) mice (b-c) Representative images of reconstructed front 
paws and cross-sectional cortical bone by micro-CT scans. Bone erosions are 
highlighted by arrows (d) Representative images of 3D reconstructions of tibia 
cortical bone using micro-CT from WT and WT CRE mice receiving either vehicle 
control or corticosterone (100 μg/ml): WT CRE cort and WT cort. Micro-CT analysis 
of (d) cortical cross-sectional thickness (Crt.Cs.T), (e) cortical cross-sectional area 
(Crt.Cs.A) (f) endosteal medullary area (Med.A) and (g) periosteal perimeter (Per.P) 
achieved by using Meshlab software in WT and WT CRE mice receiving either 
vehicle control or corticosterone (100 μg/ml). Each dataset is presented as mean ± 



117 
 

SEM and statistical significance was determined using two-way ANOVA with 
Tukey’s multiple comparisons test (*** represents p≤0.001) 

3.17. Glucocorticoids have a protective effect on JXA bone erosions during 
inflammation 

Micro-CT analysis showed an increase in bone erosions in the untreated TNF-Tg 

mice relative to the TNF-Twist2-CRE (TNF CRE) mice, which may be indicative of 

inflammatory bone loss being mediated by 11β-HSD1. Following GC treatment, 

TNF-Tg and TNF CRE mice both showed a decrease in bone erosions in 

comparison to their untreated controls (see figure 3.17). Whilst the decrease in bone 

erosion in TNF-Tg mice receiving cort was statistically significant compared to their 

untreated counterpart (5.42 AU ± 0.99 vs TNF: 13.58 AU ± 0.99, p≤0.001), no 

statistical significance was reported for TNF CRE mice on cort.  

Assessment of cortical bone parameters revealed that generally GC treatment 

causes a reduction in the cortical thickness, medullary area, and periosteal 

perimeter in TNF-Tg mice relative to their untreated group. Similar effect was seen 

for TNF CRE mice on cort with reductions being observed in cortical area and 

thickness. The addition of GC treatment had little effect on medullary area and 

periosteal perimeter in WT CRE mice on cort compared to their untreated 

counterparts. Statistical analysis revealed these results as non-significant. Once 

again, suggesting cortical bone to be a poor responder of GC treatment.  
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Figure 3.17.  Bone erosion scores and cortical parameters in TNF-tg and 
Twist-2-CRE mice with and without cort 
(a) Quantification of bone erosions (AU) in TNF (n=6) and TNF CRE (n=6) mice 
receiving either vehicle control or corticosterone (cort; 100 μg/ml): TNF cort (n=7) 
and TNF CRE cort (n=5) mice (b) Representative images of reconstructed front 
paws and cross-sectional cortical bone by micro-CT scans. Bone erosions are 
highlighted by arrows (c) Representative images of 3D reconstructions of tibia 
cortical bone using micro-CT from TNF and TNF CRE mice receiving either vehicle 
control or corticosterone (100 μg/ml): TNF cort and TNF Cre cort. Micro-CT analysis 
of (d) cortical cross-sectional thickness (Crt.Cs.T), (e) cortical cross-sectional area 
(Crt.Cs.A) (f) endosteal medullary area (Med.A) and (g) periosteal perimeter (Per.P) 
achieved by using Meshlab software in TNF and TNF CRE mice receiving either 
vehicle control or corticosterone (100 μg/ml). Each dataset is presented as mean ± 
SEM and statistical significance was determined using two-way ANOVA with 
Tukey’s multiple comparisons test. 
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3.18. Glucocorticoid treatment increase bone erosion in global 11βKO mice 

To assess the role of 11β-HSD1 in mediating systemic bone loss, bone erosion was 

quantified in the global 11β-HSD1 KO mice receiving cort and compared with WT 

mice on GCs.  

Bone erosion was significantly increased in WT mice receiving GCs relative to its 

untreated group (5.42 AU ± 0.99 vs TNF: 13.58 AU ± 0.99, p≤0.001) (see figure 

3.18a).  Conflicting results were identified when comparing the WT on cort and 

11βKO on cort groups which revealed lower joint erosion scores for the 11βKO 

group receiving cort (and subsequently, higher joint erosion scores for WT on cort). 

This may suggest a protective role of 11β-HSD1. 

Analysis of cortical bone parameters showed little change in the context of cortical 

area for 11βKO on and off cort but statistical significance was reported for WT cort 

vs WT control group (22.46 AU ± 0.3097 vs 24.59564 AU ± 0.309767, p≤0.001) (see 

figure 3.18d). For periosteal perimeter, statistical significance was noted for WT cort 

vs WT control group (421.36 AU ± 4.60 vs 468.77 AU ± 19.22, p≤0.001) (see figure 

3.18g), however this was not significant for 11βKO. The remaining parameters 

showed muted changes and were statistically non-significant. 11β-HSD1 has a role 

in protecting cortical bone against GC-mediated bone loss. However, these results 

contradict the observation noted from the joint erosion scores where 11βKO 

appears protective.  
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Figure 3.18. Bone erosion scores and cortical parameters in WT and 11βKO 
mice with and without cort 
(a) Quantification of bone erosions (AU) in WT (n=8) and WT CRE (n=6) mice receiving 

either vehicle control, or corticosterone (cort; 100 μg/ml): WT CRE cort (n=5) and WT Cort 

(n=6) mice (b) Representative images of reconstructed front paws by micro-CT scans. Bone 

erosions are highlighted by arrows (c) Representative images of 3D reconstructions of tibia 

cortical bone using micro-CT from WT and WT CRE mice receiving either vehicle control 

or corticosterone (100 μg/ml): WT CRE cort and WT Cort. Micro-CT analysis of (d) cortical 

cross-sectional area (Crt.Cs.A) (e) cortical cross-sectional thickness (Crt.Cs.T), (f) 

endosteal medullary area (Med.A) and (a) periosteal perimeter (Per.P) achieved by using 

Meshlab software in WT and WT CRE mice receiving either vehicle control or corticosterone 

(100 μg/ml). Each dataset is presented as mean ± SEM and statistical significance was 

determined using two-way ANOVA with Tukey’s multiple comparisons test. 
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Chapter 4: Discussion  
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Chronic inflammatory polyarthritis refers to conditions characterised by systemic 

inflammation, joint deformity, multiple extra-articular features, which when 

combined with the complications of therapy, can result in significant morbidity 

(Turesson, 2013; Verheul et al., 2015; Zabotti et al., 2016). Due to their potently 

anti-inflammatory activity and their disease modifying effects, glucocorticoids (GCs) 

are a clinical mainstay for the management of inflammatory disorders (Straub and 

Cutolo, 2016). However, their long-term use as therapeutics is limited due to the 

occurrence of unfavourable side effects (van Staa et al., 2002; Curtis et al., 2006). 

An example of such adverse effect is systemic bone loss. The principal objective of 

this thesis was to explore the effect of local GC activation and metabolism in bone 

forming cells, called osteoblasts, during chronic inflammation. This was done by 

establishing primary cultures of human osteoblasts and characterising the 

inflammatory suppression of their differentiation and function. The role of steroid 

metabolism in this process in response to endogenously derived steroids in 

combination with selective inhibitors of steroid metabolism was then assessed. 

These findings were then examined in vivo using mouse models of chronic 

inflammation with osteoblast targeted disruption of steroid metabolism, where the 

bone phenotype was studied by micro-CT.  

To investigate the actions of GCs on osteoblasts in the context of chronic 

inflammatory polyarthritis, primary human osteoblast cultures were established from 

either bone chips isolated from hip osteoarthritis patients (for preliminary 

experiments, n=3) or cryopreserved vials (optimised experiments, n=5). Alongside 

these osteoblasts, undifferentiated mesenchymal cells were grown. Once 

differentiated, both cell cultures were stained with Alizarin Red S stain to detect the 

presence of mineralised nodules, which provided an informative index to evaluate 
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function of mature osteoblast and culture status. Previous literature has reported 

that ECM deposition is a maker of osteoblast differentiation, which in in vitro cultures 

is seen to accumulate after 7-days and its mineralisation, which accounts for the 

final phase of the osteoblast phenotypic developments is seen after 14 days of 

cultures (Quarles et al., 1992). Whilst mature osteoblasts successfully formed 

nodules, no signs of mineralisation were detected in the negative control. 

Osteoblast differentiation can be also characterised by the progressive expression 

of distinctive osteoblast makers. The most commonly utilised markers of 

osteoblastogenesis and mature osteoblasts include osteocalcin, RANKL, ALPL, 

and type 1 collagen (Col1a1) (Huang et al., 2007). Alongside these, OPG, an 

inhibitor of osteoclast formation, was also quantified using mRNA analysis. Mature 

osteoblasts were observed to successfully upregulate the production of the 

aforementioned markers, thereby suggesting their ability to differentiate. This 

confirmed that cells being used from bone chips and cryopreserved vials were able 

to successfully release bone-forming osteoblasts, which consequently had the 

capability to differentiate into mature osteoblasts (as observed by alizarin red 

staining and quantified using mRNA expression of different osteoblastogenesis 

markers), thus validating their use for in vitro experiments examining effect of 

different GC treatments.  

Consequently, a series of dose dependent experiments modelling the effect of 

endogenous and therapeutic GCs on osteoblasts in the absence and presence of 

inflammation were performed. Existing literature states that different doses of GCs 

have different effects on osteoblasts. Whilst high GC doses cause osteocyte 

apoptosis, low doses of GCs are pro-osteoblast differentiation (Weinstein et al., 

1998; Swanson et al., 2006). Using a range of GC concentrations (endogenous and 
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therapeutic), we were able to identify the concentration at which GCs suppress 

inflammation in OBs. Quantification of a sensitive GC-responsive molecule, GILZ, 

was performed as a control. Previously it has been reported that GCs induce GILZ 

expression, which increases with increasing GCs concentrations. Alongside GILZ, 

GR is also activated by GCs, hence GILZ can be utilised as a surrogate of GR and 

its GC-induced expression suggests that GR signalling is taking place. Once 

activated, GR signalling can negatively impact bone directly or indirectly by either 

inhibiting OSC expression or suppressing ERK activation respectively (Sevilla et al., 

2021). To validate this, future experiments using GR antagonist RU-486 can be 

performed, which would suppress GR signalling pathways and consequently, 

promote osteogenic activity (Lewis-Tuffin et al., 2007).  

OSC, encoded by the BGLAP gene was significantly inhibited by GCs in the 

absence of inflammation and strongly suppressed in the presence of the TNF-α 

inflammatory stimulus. This suggests that following GC administration, the 

development of the osteoblast phenotype and expression of OSC is suppressed. 

As per existing literature, this may be due to the inhibitory effect GCs exert on the 

transcription regulatory factor, Krox20 (also known as early growth response protein 

2 [EGR2]) and its co-activator, HCF-1 (Leclerc et al., 2005). Although best studied 

in the nervous system, Krox20 is also expressed in osteoblasts where WNT 

signalling pathway strongly inhibits Krox20 expression in response to GC treatment. 

This repression of Krox20 consequently impacts the growth and differentiation of 

osteoblasts, as well as contributing to the development of systemic bone loss, for 

instance in GC-induced osteoporosis (Westendorf et al., 2004; Glass and Karsenty, 

2006).  
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In the context of other differentiation markers, a dose dependent induction of 

RANKL was seen both by GCs alone, and in the presence of inflammation, whilst a 

general decline was observed for its decoy receptor, OPG - a finding that has been 

well documented previously (Rubin et al., 1998; Hofbauer et al., 1999). This may be 

attributable to GCs’ role in stimulating osteoclastogenesis through increases in 

RANKL expression, which stimulates osteoclast activity, resulting in bone loss and 

weakened bone architecture (Riggs et al., 1998). Alternatively, it can be due to TNF-

α exerting a stimulatory effect on the differentiation of osteoclast progenitors through 

increases in osteoclastogenic cytokines, such as RANKL, resulting in bone 

resorption (Xiong et al., 2014; Yy et al., 2014). A recent study has reported that 

TNF-α upregulates NFATc1 and an inflammatory kinase, Iκκα, which contributes to 

the activation of the NF-κB pathway – a signalling pathway which is critical in 

osteoclastogenesis (Razani et al., 2011; Luo et al., 2018). The induction in RANKL 

by GCs may also be attributable to GCs causing indirect inhibition of IFN-γ, which 

is an antagonist of osteoclast differentiation (Takuma et al., 2003). Hence, IFN-γ 

inhibition stimulates osteoclastogenesis. GCs may exert direct effects by 

upregulating RANK signalling or by increasing RANKL synthesis, which together 

with GCs inhibiting OPG in osteoblasts, favours an osteoclastogenic environment 

(Hofbauer et al., 1999). The net result of which is GC-induced bone loss (Weinstein, 

2001). The production of GR ligands which possess anti-inflammatory effects but 

do not supress OPG expression and/or do not increase RANKL synthesis may 

prove useful as they could prevent adverse effects on bone associated with GC 

therapy. An extension of this may be to identify co-regulators which are recruited by 

GR ligands so that they can be regulated in a manner where OPG is not inhibited 

and RANKL will not be stimulated, thereby preventing bone resorption.  
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Previously, it has been reported that GCs increase alkaline phosphatase activity, 

thus GCs play an important role in promoting the development of a more 

differentiated OB phenotype (Perizzolo et al., 2001; Sugawara et al., 2002; Eijken 

et al., 2006; Wong et al., 2009). Concordant results were seen with the cell cultures, 

as a marked increase in ALPL expression was observed following GC treatment. 

This was in line with the general increase in collagen production observed post 

addition of endogenous concentrations of GCs but contradictory to the suppression 

noted at therapeutic concentrations . In an inflammatory setting, ALPL levels were 

also increased with dose-dependent GC treatment which may be due to TNF-α 

stimulating tissue non-specific ALPL expression. For future experiments, to see if 

TNF-α also stimulates mineralisation synergistically with GCs, the gene expression 

of peroxisome proliferator-activated receptor-γ (PPAR-γ) in osteoblasts can be 

quantified. This is because TNF-α has been shown to induce bone mineralisation 

by suppressing osteoblastic PPAR-γ (Lencel et al., 2012). Additionally, this can be 

supplemented by performing a collagen ELISA on the cell culture media collected 

from TNF-α and GCs treated osteoblasts to confirm bone mineralisation.  

Similarly, RUNX2 expression demonstrated a dose-dependent increase to GC 

treatments, which may be representative of cell commitment to osteoblastic lineage 

or the proliferation of osteoblast progenitor. To fully elucidate the effect of RUNX2 

on osteoblastogenesis, future experiments examining the expression of Hox genes, 

particularly Hox11 are required. This is because osteoblasts need Hox proteins to 

mature, and in their absence, failed OB maturation and abnormal mineralisation is 

observed (Song et al., 2020). In the presence of inflammation, GC treatments 

induced a smaller dose-dependent increase in RUNX2 which may be attributable to 

TNF-α increasing Smurf1 and Smurf2 gene expression which negatively regulates 
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RUNX2 levels through proteosomal degradation (Kaneki et al., 2006). To validate 

this, gene expression studies looking at the expression levels of Smurf1 and Smurf2 

using the treated media from cell culture can be performed in the future.  

We further examined markers of WNT signalling which shown an increase in the 

level of WNT antagonist, DKK-1, and a decline in WNT agonists, WNT 10. The 

increase in DKK-1 and decrease in WNT 10 may explain the suppression of OB 

differentiation we see with GC treatments, a finding which has previously been 

documented by existing literature (Ohnaka et al., 2005; Butler et al., 2010). These 

studies suggest GCs inhibit osteoblast synthesis by inhibiting the WNT signalling 

pathway. Contrastingly, very little effect was observed on WNT agonist by GCs 

treatment in the presence of an inflammatory stimulus. Whereas TNF-α and GCs 

were seen to have a synergistic inhibitory effect on DKK-1 expression, which has 

been reported by existing literature (Diarra et al., 2007; Li et al., 2015). This 

suggests that GCs, through inhibition of WNT agonist and upregulation of DKK-1 

inhibit bone formation and cause reduction in OPG level resulting in increased 

osteoclastogenesis and suppression of anabolic effects of osteoblasts, mirroring the 

findings of an existing study (Diarra et al., 2007). Repeating experiments with a 

higher sample size (n number), studying the expression of other WNT agonists 

(such as WNT 3a and 7b) and WNT antagonist (sclerostin) may provide a better 

insight into the effect of GCs on WNT signalling in the absence and presence of 

inflammation.  

The effect of GCs on pro-inflammatory mediators was investigated which revealed 

that when acting alone, GCs have little effect on expression of IL1-β and IL-6. 

However, in the presence of an inflammatory stimulus, GCs exert a strong anti-

inflammatory effect on pro-inflammatory mediators, thereby decreasing their 
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expression. This may be due to the downregulation of the pro-inflammatory 

cytokine’s promoter activity or via the suppression of the transcription factor, AP-1 

(Ray et al., 1990; Waage et al., 1990; Patil et al., 2018). However, to confirm these 

findings and investigate if there is a dose-dependent difference in how GCs regulate 

inflammatory cytokine expression in osteoblasts, experiments with greater n 

numbers are required.  

Together, these dose-dependent experiments reported GCs negatively regulate 

OSC, thus suggesting GCs inhibit OB differentiation. GCs stimulate RANKL 

expression and suppress OPG expression, pointing towards the formation of a pro-

osteoclastogenic signal and bone resorption. This was supplemented with the 

experiments involving WNT signalling which also suggests the role of GCs in 

increasing osteoclastogenesis in the absence and presence of inflammation. We 

decided to perform further optimised experiments to confirm these findings and 

overcome the variability in results variability in results, which may be attributable to 

differences in cell viability in each replicate, different degrees of osteoarthritis in 

patients from whom the bone chips were obtained from and/or variation in the 

technique used to extract the bone chips. The optimisation involved choosing an 

optimal physiological GC dose (100 nmol/L) and increasing the n number (n=5). 

Due to a lack of bone chips from hip osteoarthritis patient to satisfy an increased n 

number (n=5), it was decided to use cryopreserved osteoblasts for the optimised 

experiments. 

Optimised experiments showed that TNF may cause a mitogenic increase in 

number of osteoblast cells resulting an increase in Alizarin Red S staining relative 

to the control group as highlighted by increased absorbance. However, this needs 

further validation as the Alizarin Red Staining reveals the hyperproliferation of the 
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cell population which may be contributing to the increased absorbance results 

through aberrant overproduction of nodules. This pattern of staining is inconsistent 

with osteoblast cell culture, collagen ELISA results and existing literature.  

Based on the more subjective analysis of collagen ELISA, a clear reduction is noted 

in the production of collagen by GCs only group. This effect is additive when both, 

GCs and an inflammatory stimulus (i.e., TNF-α) are present. This finding correlates 

with results of existing literature which state that GCs suppress osteoblast 

differentiation and promote osteoblast apoptosis at therapeutic doses (Mak et al., 

2009; Chen et al., 2014). To overcome this for future experiments, it may be useful 

to quantify the number of viable cells using a hemacytometer and trypan blue to 

investigate if collagen content is  a measure of number of cells or representation of 

the regulation of expression. Quantifying protein content may also help validate the 

collagen content.  

Before quantifying the expression of osteoblast markers, transcriptional regulation 

of 11β-HSD1 by GCs in the presence and absence of inflammation was measured. 

GCs inhibited the expression of 11β-HSD1 when present alone. However, when 

present in conjunction with TNF-α, a strong stimulatory effect was observed. This 

may be due to the upregulation of 11β-HSD1 reductase activity by TNF-α, which 

increases the F/E shuttle (Escher et al., 1997). Alternatively, this synergism may be 

due to effect on p38-MAPK, MAPK phosphate or by increase the stability of 11β-

HSD1 mRNA. A promoter-reporter assay can used to analyse the contribution of 

the proximal promoter in mediating this synergistic increase.  

To further assess which mechanism causes this synergistic increase, western 

blotting utilising extracts from the mature osteoblast can be done. This will help 
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confirm if this rise in 11β-HSD expression is due to increased 11β-HSD1 protein 

expression (Kaur et al., 2009). Combined GC and pro-inflammatory cytokine 

treatment have also been reported as an endogenous mechanism to lessen 

synovitis by synergistically induce expression of 11β-HSD1. 

Analysis of collagen ELISA and mRNA expression of the previously mentioned 

osteoblast markers revealed similar findings. In the presence of TNF-α, GCs 

osteoblast formation and differentiation were inhibited. This was highlighted by the 

potent suppression of OSC and alkaline phosphatase. This suppression may be 

due to pro-inflammatory cytokines (such as TNF-α) inducing the expression of 

inducible form of nitric oxide synthase (iNOS). iNOS stimulates the production of 

nitric oxide (NO) which activates the cyclooxygenase (COX) pathway. COX 

produces prostaglandin E2 (PGE2) which in turn inhibits activity and expression of 

alkaline phosphatase (Kanematsu et al., 1997). Furthermore, it has previously been 

reported that NO stimulated by TNF-α can impact the viability of osteoblasts due to 

induction of apoptosis (Damoulis and Hauschka, 1997). To investigate if the 

decrease in alkaline phosphatase activity and decrease in bone mineralisation is 

due a down-regulated response of viable osteoblast cells, the viability of the 

osteoblasts can be investigated using trypan blue exclusion. As reported for existing 

literature, the decrease in ALP activity may be due to NO may have a stimulatory 

effect on COX in osteoclasts. The activation of COX will release PGE2, which would 

function to inhibit the function of osteoblast whist stimulating osteoclast function i.e., 

bone resorption (Raisz et al., 1991). To identify if NOS and COX contribute to the 

inhibition of bone formation, NOS and COX inhibitor can be used which would 

ultimately show an increase in bone mineralisation and ALP activity. Similar 

mechanism of bone resorption by other inflammatory mediators (namely, IL-1β and 
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IL-6) have been reported (Kanematsu et al., 1997).  This supports the already 

reported finding that inflammation drives bone away from formation and towards a 

resorptive state. Alongside the NOS and COX pathway, inflammatory mediators act 

synergistically with TNF-α to directly upregulate RANKL production, which induces 

osteoclastogenesis (Wei et al., 2005). 

To explore the contribution of 11β-HSD1 in mediating the effects of GCs, an activity 

assay was done alongside qRT-PCR which studied gene expression of 11β-HSD1. 

The activity assay involved the use of 18α- glycyrrhetinic acid (GE). GE, derived 

from the natural product glycyrrhizin, is a selective inhibitor of 11β-HSD1 (Classen-

Houben et al., 2009). Using in vivo models, GE has been demonstrated to inhibit 

11β-HSD1, thereby producing pro-inflammatory effects. This inhibition was also 

reported to induce GC metabolism (Teelucksingh et al., 1990). As per the results of 

the 11β-HSD1 assay, an inhibition with GE was seen although it was not a potent 

suppression. Generating new GE with a higher concentration may help to better 

visualise its activity for future experiments. 11β-HSD1 mediate the inhibitory effect 

GCs exert on anabolic bone formation. To explore this effect, cell cultures using E, 

TNF-α, GE and a combination of these treatments was used. For cell culture 

experiments in which GE was used, E was used in place of cortisol. This is due to 

11β-HSD1 activating cortisone to produce F. TNF-α was seen to downregulate OSC 

and ALP, markers of mature osteoblasts and increased the RANKL effect, 

suggesting that inflammation favours bone resorption. Whereas E is seen to induce 

OSC, ALP and inhibit RANKL, suggesting GC’s role in bone formation. When added 

in combination with TNF-α, E protects against a reduction in osteoblast 

differentiation, which reinforces that GCs have anti-inflammatory effects. Similarly, 
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effects are seen when examining the expression of inflammatory mediators, IL1-β 

and IL-6.  

Although, in vitro experiments showed potent effects on OSC and ALP, conflicting 

and statistically non-significant results were obtained when quantifying the gene 

expression of other osteoblast markers. This may suggest that although osteoblast 

numbers may be subject to a change, differentiation is not being greatly affected. 

This may be due to in vitro work not being able to fully model the processes taking 

place in vivo. For instance, in vitro cell cultures are unable to consider other secreted 

factors, including TGF-β, other components of WNT signalling and bone 

morphogenic cells, which may be involved in the regulation and survival of 

osteoblasts. The same applies to other factors releases from bone lining cells, bone 

marrow cells, osteocytes, and endothelium. For future in vitro experiments, using 

co-cultures to look interaction between different factors and luciferase reported 

assays to study the role of proteins on the activation status of target genes may be 

useful. Using online bone transcriptomic resources and performing analysis of ex 

vivo biopsies may prove useful. 

Conflicting results were reported for the preliminary and optimised in vitro 

experiments. These differences may be attributable to the source of cells. Fresh 

cells from bone chips had to be manually extracted, which may have resulted in a 

potential genetic drift. Fresh cells produced a higher yield of low passage cells and 

may have been more resistant to stress and manipulation during the process of cell 

culture – a property which the frozen cells lack. Whilst the cells obtained from 

trabecular bone cells are a good reflection of patient variability, there could have 

been an unusual outlier patient with abnormal osteoblasts or higher metabolic rate 

that may have impacted the reproducibility of other patients. For fresh cells, the 
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differentiation also needed to be validated each time by direct observation, which 

may not have been correctly interpreted. Whilst cryopreserved osteoblasts helped 

reproducibility of results, and once validated were stored as aliquots to be used 

across experiments, they did require outgrowth to establish required numbers 

(which may have resulted in senescence). The process of cryopreservation may 

have caused cells to undergo phenotypical changes, which could have impacted 

our results. For the frozen vials, cells did not need to be isolated from tissues, 

reducing any possibility of genetic drift. It may have been possible that cells were 

lost or damage during the thawing process, where the damage may have affected 

the phenotype (as with the cryopreservation process). 

Statistical analysis for RT-PCR was performed using the fold values (AU) (i.e., 

relative quantification), rather than the ΔCT value, which could have adversely 

impacted the statistical outcome. For future experiments, it would be beneficial to 

use the ΔCT values as AU assumes that each gene has the same amplification 

efficiency, which may not be the case. In the case that fold change is used, the 

average, upper and lower limits of the confidence interval need to be exponentiated 

before they can be used for a more reliable statistical analysis.  

Having looked at the effect GCs exert on osteoblasts in vitro, the role of GCs on the 

bone in the presence of an inflammatory stimulus was explored in vivo. This was 

done by adding corticosterone (principal glucocorticoid in mice) in the drinking water 

of WT, Twist2-CRE (mesenchymal-specific KO of 11β-HSD1) and global KO of 11β-

HSD1 (11βKO) were used. As stated earlier, high GC concentration suppress 

differentiation of osteoblast and induce apoptosis (Mak et al., 2009; Chen et al., 

2014). However, GCs exert an inhibitory effect on inflammation. If inflammation is 

left untreated, GCs can activate osteoclast differentiation and suppress the 
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differentiation of osteoblasts, resulting in inflammatory bone loss (Palmqvist et al., 

2002; Abbas et al., 2003; Wei et al., 2005; Yoshitake et al., 2008). Thus, through 

the murine models, we aimed to investigate the balance between the negative anti-

anabolic effects of GCs and anti-inflammatory actions of GCs on bone. Firstly, it 

was necessary to validate the Twist2-CRE and the 11βKO models, which was done 

using thin layer chromatography. Results showed that whilst WT (with no disruption 

of 11β-HSD) had the greatest F activation, CRE and 11βKO showed significantly 

less activity. This was due to the absence of 11β-HSD1 in mesenchymal tissue and 

globally, which was needed to activate the F.  

Following validation, each mouse model received oral GC treatment 

(corticosterone). The results showed that TNF-Tg mice and TNF CRE on 

corticosterone were protected against inflammatory bone loss/ joint erosions. 

However, whether this corresponded with a suppression in the level of 

proinflammatory mediators was not investigated. Investigating the levels of 

osteoclastogenic cytokines in future experiments may be valuable. Such cytokines 

include IL-1, IL-6 and TNF-α, each of which have been reported to increase 

osteoclastogenesis (Ragab et al., 2002). As outlined above, TNF-α is a potent 

activator of osteoclastogenesis, which it can stimulate independently of RANKL 

signalling. To explore this, measuring the ratio of RANKL to OPG, in addition to 

quantifying the number and activity of bone resorbing osteoclasts may be beneficial 

(Kudo et al., 2002; Kim et al., 2005). Other recruiters of osteoclast progenitors, such 

as the chemokine, CCL2, produced by osteoblasts. Studies have reported that 

CCL2 has an important role in osteoclast recruitment during inflammation and can 

promote osteoclastogenesis (Rahimi et al., 1995; Kim et al., 2005). Hence, 

decreasing the expression levels of inflammatory mediators and such chemokines 
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can prevent the recruitment and release of osteoclast progenitors, whilst 

suppressing these factors may prevent bone resorption by inhibiting 

osteoclastogenesis. Generating a TNF-Tg mouse with a targeted deletion of 

RANKL/ OPG can be used to investigate if TNF-α is responsible for mediating GC 

actions or if RANKL/ OPG contribute to regulating GC effects. The effect of GC 

treatment on markers of osteoblasts function and maturation (OSC, ALP, collagen 

production) needs to be investigated to assess the full impact of GCs on the mice 

model. Whilst changes in bone erosions were observed, muted changes in the 

cortical parameters were observed. These were statistically non-significant.   

Majority of the work that was conducted for this thesis was using in vitro models, 

which heavily restricted the number of aspects and conditions of in vivo studies the 

thesis was able to model. Although, in vivo models were briefly used, they had 

several limitations. It is unclear how much of the work that was conducted on mouse 

models is translatable to humans as none of the work for this project was carried 

out on human subjects. Male mice were used for the animal studies, although RA 

is a disease which is more common in female – for this reason, it may be beneficial 

to repeat the studies using female mice. Additionally, it may be worthwhile extending 

the timeframes of the treatments used in mouse models as it was noted that 3 weeks 

were not enough to induce and/or observe macroscopic changes. At 7 weeks, the 

process of bone formation is not complete, and it may be susceptible to GCs and 

inflammatory mediators, so using mature animals may be beneficial to validate our 

findings. Sample size was another drawback for our studies, which can be 

overcome by increasing the number of mice per group and the number of groups. 

Each mouse model received oral GC treatment which was mixed with water, but 
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there may have been variation in the dose of GCs ingested so dose variation was 

another limitation encountered.   

In summary, we have explored the effect of GC metabolism in osteoblasts during 

inflammation in vitro and in vivo settings. The in vitro models showed an inhibitory 

effect of GCs on collagen formation and osteoblast differentiation, as well as some 

suppression of pro-inflammatory mediators. However, a large variation in the results 

highlights the need for further experiments to fully validate these findings. In vivo, 

we examined cortical bone parameters, which showed little changes as cortical 

bone is known to be a poor responder of GC treatment. To fully understand the 

effect of GCs on bone, analysis of trabecular bone and other bone parameters 

(aside from the joint) with a longer timeframe are required to fully understand the 

role of therapeutic GCs.  
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mRNA genes Assay Accession number/ ID 

18S Hs03003631_g1 

GILZ Hs00608272_m1 

BGLAP Hs01587814_g1 

RANKL Hs00243522_m1 

ALPL Hs01029144_m1 

RUNX2 Hs01047973_m1 

OPG Hs00900358_m1 

DKK-1 Hs00183740_m1 

WNT 10B Hs01045906_m1 

WNT 11 Hs01045906_m1 

IL1β Hs01555410_m1 

IL6 Hs00174131_m1 

Appendix table 1: The table details the assay accession ID numbers for the 

genes used for mRNA work within the thesis.  
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