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Abstract 

 
Glucocorticoids (GCs) are widely used in the treatment of chronic inflammatory diseases 

such as rheumatoid arthritis (RA). Unfortunately, their application is limited by side effects 

including GC-induced osteoporosis (GIO). The GC-activating enzyme 11β-hydroxysteroid 

dehydrogenase type 1 (11β-HSD1) has been shown to mediate side effects associated 

with therapeutic GCs, suggesting that 11β-HSD1 inhibition may be effective in managing 

their deleterious side effect profile. In this thesis, I have examined the contribution of 11β- 

HSD1 to therapeutic actions and off target bone side effects of therapeutic GCs in the 

TNF-transgenic (TNF-tg) murine model of chronic polyarthritis. TNF-tg animals receiving 

the GC corticosterone in drinking water (100 mg/L) demonstrated a significant reduction 

in markers of inflammation, disease activity, synovitis and inflammatory bone loss. In 

contrast, TNF-tg animals with transgenic deletion of 11β-HSD1 (TNF11βKO) showed a 

marked resistance to GC-induced changes showing more severe, persistent inflammation 

and inflammatory bone loss, despite being protected from GIO driven by suppression of 

anabolic bone formation. Local and systemic bone loss in TNF11βKO animals receiving 

GCs, was underpinned by increased inflammatory activation of osteoclasts. This study 

demonstrates a fundamental role for 11β-HSD1 in mediating the anti-inflammatory and 

bone protective actions of therapeutic GCs in murine models of chronic polyarthritis. 
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Chapter 1: Introduction 
 
Sections of this chapter have been previously published as part of a review article (2). 
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1.1 Glucocorticoids in the treatment of chronic polyarthritis 
 
Rheumatoid arthritis (RA) is characterised by synovial hyperplasia, which leads to 

cartilage destruction and bone erosions; in addition to extra-articular complications, which 

include osteoporosis and muscle wasting (3-6). Glucocorticoids (GCs) are often used as 

a first line therapy in chronic inflammatory polyarthritides such as RA due to their potent 

anti-inflammatory and immunomodulatory properties (7-9). Unfortunately, administration 

of therapeutic GCs is limited due to a range of side effects, including osteoporosis and 

muscle wasting, associated with their long term use (10-15). In this thesis we have used 

murine models of chronic inflammatory polyarthritis to examine how therapeutic 

glucocorticoids and their pre-receptor metabolism influence disease pathophysiology and 

extra-articular manifestations of disease. 

 
 
 
1.2 Glucocorticoids 

 
In 1929, Philip Hench hypothesised that a secreted “anti-rheumatic substance X” may 

exist in humans. At the same time, Edward Kendall and Tadeusz Reichstein identified 

“Compound E” in the adrenal cortex. When injected into rheumatoid arthritis patients, 

compound E showed profound anti-inflammatory effects. In 1950, Hench, Reichstein and 

Kendall were awarded the Nobel Prize in Physiology or Medicine for their collective 

discovery and isolation of cortisone and since then numerous studies have centred on 

their therapeutic capacity (16). 

Currently, synthetic GCs, such as dexamethasone, prednisolone and hydrocortisone, are 

some of the most effective treatments for inflammatory disorders such as asthma, 

inflammatory bowel disease (IBD), rheumatoid arthritis and other autoimmune diseases, 
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with approximately 1% of the adult population in the UK and US receiving GC treatment 

(17-19). Despite their efficacy, therapeutic GC use is limited due to the prevalence of 

detrimental side effects. Around 70% of patients receiving therapeutic GCs present with 

adverse effects such as GC-induced osteoporosis (GIO), muscle wasting, hypertension 

and central obesity (20-22). Therefore, there is currently an unmet need to better target 

GC therapies to promote the beneficial anti-inflammatory actions whilst bypassing their 

detrimental side effects. 

 
 
 
1.2.1 Physiological roles of endogenous glucocorticoids 

 
Glucocorticoids are steroid hormones produced by the adrenal glands in response to a 

number of physiological cues, and possess a wide variety of functions. The principal 

endogenous glucocorticoids in humans are cortisol and its inactive form cortisone, while 

in rodents the most common glucocorticoids are the active corticosterone and its inactive 

form 11-dehydrocorticosterone (11-DHC). 

Glucocorticoids are named for their effects on glucose metabolism and homeostasis. In 

response to stress, GCs increase the serum level of glucose by promoting 

gluconeogenesis in the liver and suppressing uptake in skeletal muscle and adipose 

tissue. GCs can also promote hepatic storage of glycogen (23). Additionally, GCs impact 

on glucose metabolism via increasing secretion of glucagon, a hormone produced by α 

cells of the pancreas to increase serum glucose levels (24). The overall increase in serum 

glucose provides energy for the brain to promote maximal function under stressful 

conditions. GC effects on glucose metabolism counter the effects of insulin, which 

stimulate glucose uptake and glycolysis (25). 



4  

Glucocorticoids are required for the normal development and maintenance of many 

organs, with global glucocorticoid receptor (GR) knockout (KO) mice asphyxiating within 

a few hours of birth due to defective lung development (26). Antenatal GCs are often 

given to patients at risk of a pre-term delivery and have been shown to significantly 

decrease the prevalence of infantile respiratory distress syndrome (IRDS) (27). This 

seems to be due to GCs mediating the differentiation of type II alveolar cells, which 

secrete surfactant, a protein which prevents alveolar collapse (28). Similarly, endogenous 

GC signalling is required for the appropriate developmental of the heart. Mice lacking GR 

in cardiomyocytes and smooth muscle cells exhibited disorganisation of myofibrils and 

failure to upregulate genes involved in contraction and calcium signalling (29). GCs also 

regulate the development and maintenance of bone (see section 1.5.5). 

One of the most prominent features of GCs is their potent anti-inflammatory and 

immunomodulatory actions. Studies have investigated the impact of endogenous GC 

signalling in specific cell types in various inflammatory conditions. In experimental 

autoimmune encephalomyelitis (EAE), widely used as a murine model of multiple 

sclerosis, cell specific GR KOs demonstrated that endogenous GCs act on T cells to 

induce apoptosis and subsequently reduce susceptibility and severity of EAE (30). Two 

arthritis models were used to investigate endogenous GC signalling in chondrocytes. 

K/BxN serum transfer-induced arthritis (STIA) and antigen-induced arthritis (AIA) in 

chondrocyte specific GR KO mice resulted in the exacerbation of joint swelling and 

inflammation, cartilage destruction and neutrophil activity (31). An additional study has 

utilised the immunosuppression associated with ageing to investigate the effects of 

endogenous GCs on macrophages. They found that the increase in GC levels in ageing 

mice results in a shift in polarisation of macrophages towards the pro-resolution M2 
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phenotype (32). The specific anti-inflammatory actions of GCs will be discussed further 

in section 1.4.1. 

 
 
 
1.2.2 Synthesis and regulation 

 
The synthesis of endogenous GCs is mediated by the hypothalamic-pituitary-adrenal 

(HPA) axis. Upon activation of the HPA axis, corticotropin-releasing hormone (CRH) is 

produced in the paraventricular nucleus (PVN) of the hypothalamus and released via the 

median eminence (33). CRH travels to the anterior pituitary of the pituitary gland to 

stimulate the expression of pro-opiomelanocortin (POMC) in corticotroph cells, which is 

cleaved to produce adrenocorticotropic hormone (ACTH). ACTH can then be secreted 

into the circulation where it migrates to the cortex of the adrenal gland to induce the 

synthesis of GCs (Fig 1.1) (34). 
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Figure 1. 1: The HPA axis 

Activation of the HPA axis can be stimulated by factors such as the normal diurnal 
rhythm, stress and inflammation. CRH is produced and released from the PVN of the 
hypothalamus which triggers the production of ACTH in the pituitary gland. ACTH then 
migrates to the adrenal gland where it induces the synthesis of GCs. GCs can 
feedback on the pituitary and hypothalamus to inhibit their overproduction. 

 
 
 
 
 

In the adrenal cortex, ACTH impacts on the GC precursor cholesterol by increasing 

cholesterol transport across the membrane of mitochondria and upregulating the 

expression of cholesterol esterase (35). The conversion of cholesterol to pregnenolone 

can lead to the production of mineralocorticoids, GCs and androgens via the catalysis by 

various key enzymes (summarised in Fig 1.2). 
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Figure 1. 2: Mineralocorticoid, glucocorticoid and androgen synthesis pathways 
from cholesterol. 
Synthesis of mineralocorticoids, glucocorticoids and androgens from cholesterol in the 
adrenal cortex. Mineralocorticoid, GC and androgen pathways are highlighted in blue, 
orange and purple respectively. Enzymes catalysing each reaction are shown in grey 
boxes. Image taken from Han et al., 2013 (1). 

 
 

The HPA axis can be stimulated and inhibited by various factors. The circadian rhythm 

causes natural fluctuations in GC levels, with the peak increase occurring around 

wakening, in the early morning in diurnal animals, and in the evening in nocturnal animals. 

In contrast, HPA activation is at its lowest during the night in diurnal animals and during 

the day in nocturnal animals, corresponding to the rest-activity cycle of the animal (36). 

In response to light/dark signals from the retina via the retino-hypothalamic tract, a 

transcription factor known as Clock is activated and regulates downstream gene 

expression. The central clock is located in the hypothalamic suprachiasmatic nuclei 

(SCN) and can interact with the HPA axis via synapses which connect the SCN to the 
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PVN. Additionally, the clock system alters the sensitivity of the adrenal gland to ACTH 

which subsequently alters the production of GCs (37). 

GCs play an important role in suppressing the immune response to prevent tissue 

damage, and support resolution of inflammation. Consequently, many pro-inflammatory 

cytokines can induce GC production via stimulation of the HPA axis, to negatively regulate 

inflammation in a feedback cycle. Cytokines can interact with each section of the HPA 

axis; hypothalamus, pituitary and adrenal gland. TNFα, IL-6 and IL-1 have been shown 

to activate CRH-producing neurons in the hypothalamus and subsequently stimulate the 

HPA axis via an upregulation of CRH levels (38-40). Utilisation of the murine pituitary 

tumour cell line AtT20 has revealed that IL-1, IL-2 and IL-6 increase the synthesis and 

release of ACTH from pituitary cells (41). For IL-1, and IL-2 this effect appeared to be due 

to increased expression of the ACTH precursor POMC (42). Additionally, administration 

of TNFα to rats by intravenous injections resulted in an increase in plasma levels of ACTH 

and corticosterone in a dose-dependent manner (39). Cytokines have also been shown 

to act directly on the adrenal gland to produce GCs. Both IL-1 and IL-6 treatment of 

cultured rat adrenal cells had the capacity to stimulate release of corticosterone 

independently and synergistically with ACTH (43-45). 

Glucocorticoids also regulate their own production via negative feedback on the HPA axis 

in order to prevent overstimulation. This is achieved by both rapid non-genomic and 

delayed genomic mechanisms. Non-genomic HPA inhibition mechanisms have been 

suggested to decrease CRH release from the hypothalamus via the induction of 

endocannabinoid signalling which leads to suppression of the excitatory signals to the 

cells of the PVN (46). On the other hand, genomic inhibition by GCs appears to be 
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mediated by direct inhibition of CRH expression in the hypothalamic neurons and of 

POMC expression in pituitary corticotrophs (Fig 1.1) (47, 48). 

 
 
 
1.2.3 Glucocorticoids in the circulation 

 
An additional method by which GC actions are regulated is via their interaction with 

binding proteins. Around 80-90% of cortisol in the circulation is bound by corticosteroid- 

binding globulin (CBG) and 10-15% is bound by albumin, leaving only approximately 5% 

of the cortisol in the circulation unbound and able to bind to receptors (49). The steroid- 

binding site of CBG can be cleaved by neutrophil elastase which results in its irreversible 

destruction. This leads to the local increase in free GCs at sites of inflammation which 

suggests that CBG may play a role in targeted release of active GCs in areas where their 

actions are required (50). Although the plasma concentrations of albumin are around 

1000 times more than that of CBG, its affinity for GCs is approximately 3 times lower. 

Albumin typically acts as a buffer to transient changes in plasma cortisol levels (51). In 

circumstances of CBG deficiency, albumin has been shown to be able to partially 

compensate for CBG actions by binding up to 75% of circulating cortisol, leaving only 

25% biologically active GC in the blood (49). 

 
 
 
1.2.4 Glucocorticoid receptor signalling 

 
GCs readily diffuse across cell membranes due to their lipophilic nature and exert their 

effects through interactions with the intracellular glucocorticoid receptor. The GR is a 

ligand-inducible transcription factor and a member of the nuclear receptor superfamily 

encoded by the NR3C1 gene. The protein is comprised of three functional domains; the 
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N-terminal domain (NTD), the DNA-binding domain (DBD), and the ligand-binding domain 

(LBD). The NTD includes a ligand-independent activation function 1 (AF1) region which 

interacts with chromatin modulators, co-regulators and transcriptional machinery to 

facilitate the initiation of transcription (52). Next to the NTD is the DBD which is required 

for GR binding to GC-response elements (GRE) situated in the promoter regions of GC- 

responsive genes. Additionally, the DBD contains the specific amino acid sequence 

necessary for the dimerization of the GR (53). The DBD is connected to the C-terminal 

LBD through a hinge region. The LBD contains a ligand-dependent AF2 region which 

undergoes a conformational change upon binding of ligand and allows interaction with 

co-activators such as SRC-1 (54, 55). 

Two splice variants of the GR exist; GRα and GRβ. GRα and β have identical structure 

up to the C-terminal domain, in which GRβ has a truncated LBD. As a result of this, GRβ 

cannot bind GCs and GRα is the main mediator of classical GC effects. Conversely, GRβ 

has been shown to be an inhibitor of GRα gene regulation. This appears to be mediated 

via the heterodimerisation of GRα and GRβ to form an inactive receptor complex (56). 

Increased expression of GRβ has been demonstrated in peripheral blood mononuclear 

cells (PBMCs) from patients with GC-insensitive asthma, indicating a potential role for 

GRβ in therapeutic GC resistance (57). 

The GR contains two nuclear localisation signals (NLS); NLS1 located in the DBD and 

NLS2 located in the LBD (58). In their unbound state, GRs form a multiprotein complex 

with chaperone proteins such as heat shock protein-70 (hsp70), hsp90 and FK506- 

binding protein 52 (FKBP52) which block the NLSs of the GR and prevent its translocation 

from the cytoplasm (59). Upon GC binding, the GR undergoes a conformational change 

which  leads  to  the  dissociation  of  chaperone  proteins,  exposure  of  the  NLS  and 
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subsequent translocation of the GC/GR complex to the nucleus where it can both 

transactivate and transrepress target genes (60). 

The GR complex can regulate gene expression via both genomic and non-genomic 

mechanisms. The classical method of GR signalling includes GR homodimerization and 

binding to GREs in the promotor region of GC-responsive genes and recruiting 

coactivators such as CREB-binding protein (CBP), a histone acetyltransferase (HAT), 

which opens chromatin and allows transcription to take place (61). Negative GREs 

(nGRE) can also be present in genes and when the GR binds to these they can recruit 

histone deacetylases (HDAC) which close chromatin and prevent transcription, such as 

with the osteoblast specific gene osteocalcin and the pro-inflammatory cytokine thymic 

stromal lymphopoietin (TSLP) (62, 63). 

Additionally, GCs can regulate genes that do not contain GREs. This is achieved by 

tethering of the GR to a transcription factor by protein-protein interactions without 

associating with the DNA directly, after which the GR can then recruit HDACs to inhibit 

the transcription of genes (64) (Fig 1.3). 
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Figure 1. 3: Glucocorticoid receptor signalling pathways 

GCs can readily diffuse across the membrane where they bind to the GR in the 
cytoplasm, causing a conformational change which results in the dissociation of 
molecular chaperones, such as HSPs and FKBP, subsequently exposing the NLS 
and causing nuclear localisation of the GC-GR complex. Here, the GR can dimerise 
and bind to either positive GREs (pGRE) to induce transcription of genes (e.g. GILZ, 
SLPI, MKP-1 and TTP) or negative GREs (nGRE) to inhibit the transcription of genes 
(e.g. osteocalcin, TSLP). Alternatively, the GR complex can signal as a monomer and 
tether to transcription factors (TFs) such as NF-κB or AP-1 to suppress the 
transcription of pro-inflammatory genes (e.g. TNFα, IL-6, IL-1). 

 
 
 
 

1.2.5 Pre-receptor metabolism by 11β-HSDs 
 

In addition to the HPA axis, active GC levels are also determined at the tissue level by 

the 11β-hydroxysteroid dehydrogenase (11β-HSD) enzymes. 11β-HSD1 is a bidirectional 

enzyme which in vivo predominantly reduces inactive GCs such as cortisone in humans 

and 11-DHC in rodents, to their active counterparts, cortisol or corticosterone (65). 11β- 
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Figure 1. 4: 11β-HSD system of GC metabolism 

HSD1 uses NADPH generated by the hexose-6-phosphate dehydrogenase (H6PD) 

enzyme to transfer a hydrogen to the inactive GC which upon reduction becomes active 

(Fig 1.4). H6PD null mice exhibit markedly higher dehydrogenase activity compared to 

WT indicating a switch in the direction of 11β-HSD1 activity dependent on the availability 

of cofactor (66). Several synthetic GCs such as prednisolone (active) and prednisone 

(inactive) are also converted via 11β-HSD metabolism, whilst others such as 

dexamethasone are resistant to reductase metabolism (67). 

In contrast, 11β-HSD2 is a NAD+-dependent unidirectional dehydrogenase enzyme 

which converts active GCs to their inactive counterparts by removal of a hydrogen ion 

(68) (Fig 1.4). The main function of 11β-HSD2 is to protect the mineralocorticoid receptor 

(MR) from occupancy by GCs. The MR binds both mineralocorticoids and active GCs with 

high affinity, but cannot bind inactive GCs, thus 11β-HSD2 protects against inappropriate 

activation by cortisol (69). 

 

 
 

11β-HSD1 is a bidirectional enzyme which in vivo predominantly converts inactive 
GCs (e.g. cortisone) to their active counterparts (e.g. cortisol) in a NADPH-dependent 
manner, whilst 11β-HSD2 is a NAD+-dependent enzyme which inactivates GCs. 
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1.2.6 Tissue specific expression of 11β-HSDs 
 
11β-HSD1 is expressed in a wide array of tissues including the liver, muscle, adipose, 

skin, bone, and synovium (70-72). In contrast, 11β-HSD2 is largely expressed in 

mineralocorticoid-target tissues such as the kidney, colon, salivary and sweat glands (73- 

75). The expression of type 1 enzymes in the liver and type 2 enzymes in the kidney allow 

for the regulation of circulating metabolism, in which active GCs are inactivated by renal 

11β-HSD2 and reactivated by hepatic 11β-HSD1 to determine systemic levels of GCs 

(76). As previously mentioned, approximately 95% of cortisol in the blood is bound to 

protein which reduces its biological activity. To increase the supply of active GCs to the 

local environment of a specific tissue, 11β-HSD1 is expressed. 11β-HSD2 generates 

cortisone which can travel freely via the circulation until it reaches target tissues which 

express type 1 enzymes. Here it can be locally reactivated to generate a high 

concentration of biologically active GC in a tissue-specific manner (70) (Fig 1.5). 
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Figure 1. 5: Circulating and local metabolism of GCs by 11β-HSDs 

Systemic levels of GCs are determined by circulating metabolism in which GCs are 
inactivated by renal 11β-HSD2 enzymes and reactivated by hepatic 11β-HSD1 
enzymes. During local metabolism, inactive GC can travel unbound in the blood until 
it reaches tissues which express 11β-HSD1, such as the synovium, bone and muscle. 
Here, GCs are reactivated to produce elevated levels of biologically active GCs in the 
local environment. 

 
 
 
 
 
 

1.2.7 Post receptor metabolism and clearance 
 

For clearance of GCs from the body, membrane bound enzymes known as 5α- or 5β- 

reductases reduce the A-ring associated with the steroid structure to generate the 

relevant 5α/5β-dihydrosteroid. 3α or 3β-hydroxysteroid dehydrogenase enzymes 

facilitate the clearance process by further reduction to 3α/3β,5α/5β-tetrahydrosteroid 

(tetrahydrocortisol; THF, tetrahydrocortisone; THE) (77). Sulfotransferases (SULTs) can 

conjugate sulfate groups to tetrahydrosteroids which increases their water solubility and 

thus   allows   them   to   be   excreted   by   the   kidneys   more   efficiently   (78,   79). 



16  

Tetrahydrosteroids can also be further metabolised to α or β-cortol or cortolone (from THF 

and THE, respectively) by the 20α or 20β-hydroxysteroid dehydrogenase enzymes. THF 

and THE, along with cortols, cortolones and free cortisol and cortisone, can be measured 

in the urine as markers of systemic 11β-HSD1 and 11β-HSD2 metabolism (80). 

Cortisone and cortisol can also be metabolised by alternative pathways. It has recently 

been shown that the enzyme carbonyl reductase 1 can catalyse the reduction of cortisol 

to 20β-dihydrocortisol, a metabolite which is increased in the urine during obesity (354). 

In addition, 6β-hydroxylase enzymes can metabolise cortisol into 6β-hydroxycortisol 

(355). Cortisone can also be metabolised in a similar fashion to 20β-dihydrocortisone or 

6β-hydroxycortisone. 

 
 
 
1.3 Rheumatoid arthritis 

 
Rheumatoid arthritis (RA) is a chronic inflammatory disease characterised by synovitis 

and progressive joint destruction that ultimately results in pain, physical disability and 

increased mortality; systemic inflammation is also a feature (81). In combination with 

other inflammatory arthropathies, such as psoriatic arthritis, these diseases are estimated 

to cost the US economy $304 billion per year (219). Around 2% of the adult population 

have an inflammatory arthritis, with the most frequent condition being RA. This is present 

in almost 1% of the population, with a two times greater prevalence in females than males, 

with smoking and obesity being additional risk factors (82, 83). 
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Figure 1. 6: Normal joint physiology 

1.3.1 Normal joint physiology 
 
A joint is characterised as the point where two separate bones meet, consisting of three 

main tissues; bone, cartilage and synovium (Fig 1.6). 
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In normal joint physiology, the bone is surrounded by cartilage and the space in 
between the bones is filled with synovial fluid. The synovial fluid is contained by a 
synovial membrane, normally about one to two cells thick. The joint capsule encloses 
the joint. 

 
 
 

The structure of bone will be discussed further in section 1.5.1. Surrounding the head of 

the bone is a layer of articular cartilage, which acts to provide a smooth surface in order 

to reduce friction during movement and to absorb shock (84). Cartilage is formed by an 

extracellular matrix (ECM) consisting mainly of water, proteoglycans and collagen. Within 

the ECM reside the chondrocytes, a specialised mesenchymal derived cell involved in the 

production and homeostasis of the cartilage via the synthesis of collagens and 

proteoglycans (85). The  cartilage  is formed of  four zones with different properties  and 
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functions; the superficial, middle, deep and calcified zones. Briefly, the superficial zone is 

a thin outer layer with a high number of flat chondrocytes which protects the deeper layers 

from the sheer stress of the synovial fluid. The middle zone is the largest zone, containing 

proteoglycans, collagen and relatively few chondrocytes which are typically of spherical 

morphology. The middle zone facilitates in the protection against compressive forces, 

however the greatest protection against compression is the deep zone. The deep zone 

harbours the highest proteoglycan content and the largest collagen fibrils. The 

chondrocytes sit alongside the collagen fibrils in a columnar orientation. Finally, the 

calcified zone attaches the collagen fibrils from the deep zone to the underlying 

subchondral bone, ensuring the secure anchoring of the cartilage to the bone. The 

calcified zone is sparsely populated with hypertrophic chondrocytes (86). 

The joint is surrounded by synovial fluid, which acts as lubrication to further reduce 

friction, enclosed in a layer known as the synovial membrane. Under normal conditions, 

the intimal lining of the synovium which is in close contact with the synovial fluid is typically 

1 to 2 cells thick, made up of approximately equal proportions of fibroblast-like 

synoviocytes (FLS) and macrophages. This layer acts as a physical barrier and FLS 

secrete lubricin and hyaluronic acid (HA) into the synovial fluid, which function to lubricate 

and increase the viscosity of the fluid (87, 88). The sublining layer of the synovium lines 

the inner region of the joint capsule and is relatively sparsely populated with FLS and 

macrophages, in addition to a blood vessel network (89). 
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1.3.2 Chronic joint inflammation 
 

In patients with chronic inflammatory polyarthritis, the on-going inflammatory process 

within the synovium results in damage and destruction of the bone and cartilage. In RA 

the characteristic manifestation of synovitis occurs principally in the small joints, such as 

the proximal interphalangeal and metacarpophalangeal joints of the hand and affect joints 

in a symmetrical distribution (90). The structural damage associated with RA can begin 

prior to the onset of clinical symptoms and is driven by inflammation of the synovium 

which subsequently impacts on the adjacent bone and cartilage (91) (Fig 1.7). 

 

 

Figure 1. 7: Representation of an RA joint 

In the joint of an RA patient, significant hyperplasia of the synovial membrane occurs 
mediated by immune cell infiltration and FLS expansion, which leads to the release 
of pro-inflammatory cytokines. These cytokines activate FLS and osteoclasts, which 
drive the destruction of cartilage and bone. 

 
 

 

The precise mechanisms behind the initiation of inflammation in RA remain unknown, 

however it is well established that both genetic and environmental factors play a part. A 
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study using quantitative methods to analyse data from monozygotic and dizygotic twin 

studies determined that the heritability of RA was approximately 60%, indicating that the 

contribution of genetic factors is substantial to the pathogenesis of this disease (92). 

One suggested mechanism for initiation of inflammation in RA is via stimulation of Toll- 

like receptors (TLR), expressed on cells such as dendritic cells (DCs) and monocytes 

which mediate the initial identification of pathogens and induce NF-κB signalling. 

Expression of both TLR2 and TLR4 is increased within FLS and synovial macrophages 

of RA patients relative to healthy controls (93). Furthermore, activation of TLR4 or 2 on 

RA FLS potently induces osteoclastogenesis via the upregulation of RANKL (94). The 

activation of the immune system leads to the infiltration of immune cells such as 

macrophages, T cells and B cells into the synovium, resulting in synovial hyperplasia and 

pannus formation. A prominent role has been suggested for activated FLS in immune cell 

recruitment with the fibroblast-derived T cell chemokine CXCL12 found to be 

overexpressed in the RA joint (95, 96). In addition, TGF-β, a cytokine expressed at high 

levels in the RA synovium, triggers the expression of the CXCL12 receptor, CXCR4, on 

T cells which provokes their retention in the synovium and prevents efflux from this site 

(97). Moreover, activated macrophages in the synovium secrete IL-1 which further 

contributes to leukocyte recruitment (98). In acute inflammation, resolution of 

inflammation requires the apoptosis of immune cells. However, in chronic inflammatory 

diseases such as RA, FLS and macrophages secrete type 1 interferons which prolongs 

the survival of T cells, contributing to the persistence of the immune response (96). 

Activated immune cells secrete pro-inflammatory cytokines which contribute to increased 

osteoclastogenesis in the pannus and subsequent destruction of juxta-articular bone (as 

discussed in section 1.5.7). Osteoclasts can also resorb the calcified zone of cartilage 
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adjacent to the subchondral bone (99). Osteoclasts cannot, however, mediate the 

destruction of unmineralized cartilage, thus this is mediated by an alternative mechanism. 

It has been suggested that FLS are the main drivers of cartilage destruction within RA 

joints. RA FLS are able to invade into the unmineralized cartilage potentially by their 

expression of typically osteoclastogenic molecules such as cathepsin K (99-101). In 

addition, stimulation with pro-inflammatory cytokines such as TNFα, lymphotoxin and IL- 

1β leads to the expression of matrix degradation factors, including MMP-9 and -2, in 

synovial fibroblasts which facilitates the cartilage destruction as seen in the rheumatoid 

joint (102). A study used the severe combined immunodeficient (SCID) mouse to 

investigate the contribution of RA FLS to cartilage degradation in the absence of 

functioning lymphocytes and macrophages (103). Healthy human cartilage was 

transplanted into the mouse alongside human FLS from RA patients. RA FLS showed 

extensive invasion into the cartilage, as opposed to osteoarthritic (OA) FLS which showed 

minimal invasion and normal FLS which did not invade at all. RA FLS also expressed 

matrix-degrading enzymes such as cathepsins D, B and L which were not apparent in the 

FLS controls. Therefore, these results indicated that FLS in RA present with a distinct 

destructive phenotype that actively drives the degradation of cartilage, even when pro- 

inflammatory stimuli have been removed (104). 

 
 
 
1.3.3 RA therapy 

 
Presently, there is no cure for RA, however studies have shown that the initiation of anti- 

rheumatic therapy early in the course of the disease shows significant benefits in 

radiographic progression in the long-term. This would subsequently reduce the risk of 

functional disability, joint replacement surgeries and work disability (105). The current 
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commonly used treatments for RA can be categorised into four groups; non-steroidal anti- 

inflammatory drugs (NSAIDs), glucocorticoids, non-biologic disease modifying anti- 

rheumatic drugs (DMARDs) and biologic DMARDs. However, currently no one drug is 

able to treat every case of RA and drug resistance remains a problem within RA therapy 

(106). RA is often treated with a combination of drugs, and in severe cases with the pairing 

of a non-biologic DMARD such as methotrexate with a biologic DMARD such as anti-TNF 

therapy. Approximately 40% of patients will respond to monotherapy with methotrexate, 

compared to a response rate of between 56% to 67% with methotrexate in combination 

with a biologic therapy (107). Unfortunately, combination therapies have been associated 

with an increase in serious infections, particularly within the first six months of therapy 

initiation (108). NSAIDs are fast-acting drugs with anti-inflammatory and analgesic 

effects, thus they are generally used to bridge the gap between the effects of the slow- 

acting DMARDs since they cannot slow the radiographic progression of RA alone and are 

not disease modifying (109). 

GCs are used in approximately 66% of RA patients globally with an estimated yearly cost 

of around $10 billion in the US (110). Unfortunately, despite the effective anti- 

inflammatory actions of GCs, their use is often associated with serious side effects as 

discussed in section 1.4.3. Thus, the development of targeted GC therapies, to harness 

their beneficial effects whilst bypassing their detrimental actions is required. 

 
 
 
1.4 Therapeutic application of glucocorticoids in chronic inflammation 

Due to the potent anti-inflammatory actions of glucocorticoids, synthetic derivatives, 

which mimic endogenous GC action on the immune system, have been produced for the 
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treatment of many chronic inflammatory diseases. A recent systematic review revealed 

that low dose GCs given alongside other DMARDs to treat early RA can substantially 

impede the progression rate of juxta-articular erosions compared to DMARD only controls 

(111). In addition, oral prednisolone therapy has been shown to significantly reduce 

infiltration of cells such as macrophages, T and B cells and FLS into the synovial lining 

(112). Consequently, GC treatment significantly reduces the number of tender and 

swollen joints in RA patients, as well as decreasing serum markers of inflammation (such 

as IL-6 and C-reactive protein (CRP)), and improving the disease activity score (DAS28) 

(113-115). 

Commonly used synthetic GCs include hydrocortisone (synthetic cortisol), prednisolone 

and prednisone. Alterations to the structure of GCs can impact on their potency, activity 

and clearance. Prednisolone is the active form of prednisone synthesised by the 

introduction of a double bound between carbons 1 and 2 in the cortisol structure and is 4 

times more potent than hydrocortisone, with a duration of action of 12-36 hours compared 

to hydrocortisone’s 8-12 hours (116) (Fig 1.8). Prednisone differs from prednisolone in an 

identical fashion as cortisone to cortisol, requiring activation through the hydrogenation 

of the 11-keto-group. Addition of a methyl group to carbon 6 of prednisolone creates 

methylprednisolone, a more potent version of the GC, 5 times more potent than 

hydrocortisone, which has been suggested to exhibit fewer systemic side effects such as 

obesity and adrenal atrophy (117). 

The addition of a fluoride molecule and a methyl group at positions 9α and 16, 

respectively, on prednisone results in the formation of dexamethasone (Fig 1.8). 

Dexamethasone is 30 times more potent than hydrocortisone and is much longer lasting, 
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with a duration of action of 36-72 hours. Due to the potency of dexamethasone, it is no 

longer used to treat RA in the UK (116). 

Studies have shown that prednisolone/prednisone is more readily metabolised by 11β- 

HSD enzymes than cortisol/cortisone. Increased reduction of prednisone by 11β-HSD1 

relative to cortisone may contribute to the higher levels of active GC in the circulation and 

increased potency of prednisone (118). In contrast, dexamethasone shows little 

oxoreductase or dehydrogenase metabolism by 11β-HSD1 or 2, respectively. However, 

whilst 11β-HSD2 is incapable of catalysing the conversion of inactive cortisone to active 

cortisol, it can in fact catalyse the conversion of inactive 11-dehydro-dexamethasone to 

active dexamethasone, exhibiting a marked difference between metabolism of different 

GC derivatives (118). 

 

 

Figure 1. 8: Structural changes of synthetic GCs 

Synthetically derived hydrocortisone is structurally identical to endogenously produced 
cortisol. Prednisolone differs from cortisol in the presence of a double bond between 
carbons 1 and 2. Dexamethasone also contains this double bond, in addition to the 
fluoride molecule and methyl group introduced into the structure. Changes to the 
structure of synthetic GCs are highlighted in red. 
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1.4.1 Anti-inflammatory actions of therapeutic glucocorticoids 
 
Synthetic GCs used in the treatment of chronic inflammatory diseases can mediate their 

actions via transactivation of anti-inflammatory genes or transrepression of pro- 

inflammatory genes. Genes which exert anti-inflammatory effects such as secretory 

leukocyte protease inhibitor (SLPI), mitogen-activated protein kinase phosphatase-1 

(MKP-1) and GC-induced leucine zipper (GILZ) are upregulated via the classical method 

of GC signalling through GRE binding (119-121). GCs also upregulate tristetraprolin 

(TTP), which has non-genomic downstream effects on pro-inflammatory cytokines, such 

as TNFα, via destabilisation of mRNA and thus reduced transcription and translation of 

the protein (122). As TNFα is at the apex of a pro-inflammatory cytokine cascade, this 

reduction in TNFα by GCs impacts on the production of downstream inflammatory 

mediators such as IL-1β and IL-6 (123). 

GCs can also inhibit transcription factors which promote pro-inflammatory gene 

expression via tethering of GR to transcription factors and recruitment of HDACs (as 

previously discussed in 1.2.4). In particular, GCs inhibit NF-κB and AP-1 which regulate 

the transcription of various genes relating to inflammation such as TNF-α, IL-1 and IL-6 

(124). Additionally, GCs can inhibit NF-κB signalling via an induction in its inhibitor IκBα, 

which sequesters the transcription factor in the cytoplasm, preventing it from influencing 

gene regulation (125). 

GCs can impact on cells of the immune system both directly and indirectly. In dendritic 

cells (DCs), for example, GCs reduce maturation by significantly decreasing the 

expression of MHCII and co-stimulatory molecules such as CD80. Whenever T cells were 

stimulated with these GC treated DCs, the number of Th1 cells was reduced while Tregs 

producing anti-inflammatory IL-10 were increased (126). GCs typically induce apoptosis 
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in T cells, however Tregs are resistant to GC-induced apoptosis which may contribute to 

the shift towards increased Treg number during GC treatment (127). Additionally, GCs 

suppress the ability of neutrophils to adhere to the blood vessels by downregulating 

expression of the adhesion molecule E-selectin and ICAM-1 on endothelial cells, thus 

neutrophils cannot migrate to sites of inflammation (128). 

As previously mentioned, GCs also influence macrophage polarisation promoting an anti- 

inflammatory/pro-resolution M2 phenotype and suppressing inflammatory M1 polarisation 

(32). A study using a mouse model of contact hypersensitivity, an inflammatory disease 

commonly treated with GCs, showed that the therapeutic actions of GCs were mediated 

by the GR on macrophages and neutrophils. Mice with a myeloid specific GR KO were 

unable to suppress pro-inflammatory cytokines such as IL-1, MCP-1 and MIP-2 in this 

model (129). Furthermore, GCs have been shown to increase the phagocytic capacity of 

macrophages which facilitates removal of pro-inflammatory mediators and apoptotic cells 

(130, 131). 

 
 
 
1.4.2 Insights from GRdim mouse 

 
Until recently, it was believed that the anti-inflammatory actions of GCs were dependent 

on transrepression by monomeric GRs, whilst the adverse side effects of GC use relied 

on transactivation by homodimeric GR complexes (132). The development of the GRdim 

mouse which possesses a mutation in the DBD region of the GR that prevents 

dimerization has allowed extensive investigation into this hypothesis (133). Studies have 

shown that GRdim mice retain the ability to suppress AP-1 induced gene expression 

despite lacking the ability of GR dimerization (133, 134). In an acute inflammatory model 
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of phorbol ester induced oedema, GC treatment of GRdim mice suppressed the infiltration 

of inflammatory cells at sites of inflammation and reduced swelling. Here, pro- 

inflammatory factors, such as TNFα, IL-6 and IL-1β in peritoneal macrophages and IL-2 

and IFNγ in T cells were significantly suppressed to a similar extent upon treatment with 

dexamethasone. It was concluded that this was due to the continued ability of GRdim mice 

to suppress NF-κB regulation of pro-inflammatory genes (135). In contrast, GRdim mice 

were resistant to side effects of GC use such as changes in liver metabolism and 

glaucoma (136, 137). This work indicated the potential to use selective monomer ligands 

to specifically target the therapeutic anti-inflammatory effects of GCs, without triggering 

the adverse side effects. 

However, recent evidence indicates that this is an oversimplified view of GC signalling. In 

an STIA model of inflammatory arthritis, GRdim mice were resistant to the anti- 

inflammatory effects of dexamethasone, with persistent ankle swelling and immune cell 

infiltration. Thus, in this model GR dimerization was required for the anti-inflammatory 

effects of GCs (138). It is now known that GCs can increase the expression of anti- 

inflammatory genes, such as GILZ, via transactivation (121). Similarly, in the mouse 

model of TNF-induced acute lethal inflammation, GRdim mice were resistant to the anti- 

inflammatory actions of GCs, failing to suppress the pro-inflammatory transcription factor 

STAT1. In this case, GR dimerization was contributing to transrepression, disputing the 

idea that only monomeric GR can induce this mechanism (139). Additionally, GRdim mice 

are not resistant to GC-induced osteoporosis and muscle wasting, common side effects 

of GC use (140, 141). 

The GR requires interaction with coactivators or corepressors in order to mediate its 

effects on gene expression. It is estimated that hundreds of coregulators exist which may 
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interact with the GR via its AF domains (142). In addition, it appears that expression of 

coregulators are specific to different cell types, with the expression of different GC- 

responsive genes requiring a particular coregulator or coregulator complex (143). 

Consequently, the possibility of targeting specific genes via this mechanism exists. One 

artificial GR ligand, known as AL-438, is able to induce a conformational change in the 

GR allowing the specific interaction of coactivator GR-interacting protein 1 (GRIP-1), 

whilst preventing interaction of peroxisomal proliferator-activated receptor γ coactivator- 

1 (PGC-1). GRIP-1 is involved in transcriptional repression of pro-inflammatory genes 

while PGC-1 is involved in upregulating glucose. In a carrageenan-induced paw oedema 

murine model, AL-438 treatment exhibited similar anti-inflammatory effects as 

prednisolone, but bone and glucose metabolism were protected from GC-induced 

negative effects (144). Therefore, although selective targeting of the GR appears to be 

more complicated than originally thought, a potential approach to achieving the anti- 

inflammatory effects of GCs whilst bypassing the negative side effects is still achievable 

via the modification of coregulators. 

 
 
 
1.4.3 Glucocorticoid excess 

 
Despite the potent therapeutic efficacy of GCs, their use is limited due to the prevalence 

of adverse side effects associated with GC excess. Cushing’s syndrome is the name 

given to the collection of problems associated with prolonged exposure to either 

endogenous GCs, such as cortisol, or exogenous GC administration. Endogenous 

overproduction of GCs predominantly occurs as ACTH-dependent Cushing’s syndrome, 

termed Cushing’s disease, in the form of pituitary ACTH or CRH-producing tumours (145). 

Common  symptoms of  Cushing’s  syndrome  include  obesity,  striae,  muscle atrophy, 
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osteoporosis (see section 1.5.5), hypertension, hepatic steatosis and glucose intolerance 

(146). These symptoms are also common side effects of GC therapy in patients with 

chronic inflammatory diseases, with around 70% of patients developing adverse 

Cushingoid features during the initial 3 months of GC treatment (20). 

 
 
 
1.4.4 The role of 11β-HSD1 in the metabolic effects of GC excess 

 
In order to examine the contribution of 11β-HSD1 metabolism to the adverse side effect 

profile of GC excess, a global 11β-HSD1 KO mouse has been established. In a study by 

Morgan et al, 11β-HSD1 KO animals were exposed to supraphysiological levels of GCs, 

receiving 100 mg/L of corticosterone in the drinking water for five weeks. Whereas WT 

animals on this treatment developed many of the features of GC excess, such as 

hypertension, hepatic steatosis, glucose intolerance, muscle wasting and increased 

adiposity, 11β-HSD1 KO animals were protected from these adverse effects. Both GC 

treated WT and 11β-HSD1 KO animals showed a comparable reduction in adrenal 

weights and increases in serum corticosterone, confirming identical exposure to 

circulating GCs. Thus, it was concluded that 11β-HSD1 reactivation of GCs at target 

tissues mediates the detrimental metabolic side effects associated with GC use. These 

results indicated the potential of 11β-HSD1 inhibitors to prevent the negative effects of 

GC excess (70). 

 
 
 
1.4.5 11β-HSD1 inhibitors in clinical trials 

 
The use of 11β-HSD1 inhibitors to treat metabolic disorders is not a novel idea. Many 

studies  have  looked at  the therapeutic potential of  these  agents in  the  treatment   of 
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metabolic diseases such as type 2 diabetes and polycystic ovary syndrome. This began 

with the use of a non-selective 11β-HSD inhibitor known as carbenoxolone. 

Carbenoxolone resulted in reductions in glycogenolysis and glucagon-stimulated glucose 

production in patients with type 2 diabetes, whilst healthy individuals had reductions in 

total cholesterol levels. Although this approach showed promise for the treatment of 

metabolic complications of type 2 diabetes, carbenoxolone also inhibited renal 11β- 

HSD2, which resulted in a raise in blood pressure, highlighting the requirement for 

selective 11β-HSD1 inhibitors (147). This resulted in the development of the selective 

11β-HSD1 inhibitor; INCB13739. INCB13739 was used to treat type 2 diabetes when 

metformin was inadequate to control the disease. This resulted in significant decreases 

in average blood glucose and fasting glucose levels. Here, significant dose-dependent 

decreases in body weight, total cholesterol, LDL cholesterol and triglyceride levels in 

patients with hyperlipidaemia were also reported (148). The selective 11β-HSD1 inhibitor, 

MK-0916, showed similar results in type 2 diabetic patients, with a further significant 

reduction in blood pressure (149). Consequently, these studies supported a role for 11β- 

HSD1 inhibitors in the treatment of metabolic diseases. 

 
 
 
1.4.6 The regulation of 11β-HSD1 in inflammation 

 
The GC activating enzyme 11β-HSD1 is potently up-regulated by pro-inflammatory 

cytokines and has been suggested to play an important role in the pathophysiology of 

chronic inflammatory diseases. A variety of cell types in the synovial tissue of RA patients 

have been shown to express 11β-HSD1, such as T cells, macrophages, endothelial cells 

and synovial fibroblasts (72). 11β-HSD1 activity in RA synovium has been shown to 

positively  correlate  with  inflammatory  markers  in  the  serum,  such  as  erythrocyte 
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sedimentation rate (ESR) (150). In addition, the activity of the enzyme is significantly 

increased in synovial fibroblasts, osteoblasts, adipocytes and myotubes in response to 

pro-inflammatory cytokines such as TNFα and IL-1 (72, 151-153). Glucocorticoids also 

increase the activity of 11β-HSD1 in both synovial fibroblasts and osteoblasts, with a 

synergistic upregulation identified when combined with pro-inflammatory cytokines (154). 

This led to an increased anti-inflammatory response to inactive GCs such as cortisone in 

vitro. This finding indicates that local cells of the joint can enhance the anti-inflammatory 

response by amplifying the levels of active GCs in the juxta-articular environment. 

Moreover, whilst human monocytes do not express 11β-HSD1, expression is induced 

following differentiation to macrophage (155). Macrophages polarised towards the pro- 

inflammatory M1 phenotype by LPS and IFNγ exposure have been shown to have a 9- 

fold increase in 11β-HSD1 mRNA levels compared to macrophages polarised to the pro- 

resolution M2 phenotype by IL-4 (156). 

 
 
 
1.4.7 11β-HSD1 metabolised glucocorticoids in inflammation 

 
Due to the regulation of 11β-HSD1 by pro-inflammatory cytokines, several studies have 

focused on the functional role of this enzyme during inflammation. We have previously 

used the global 11β-HSD1 KO mouse crossed with the TNF-tg inflammatory model of 

chronic polyarthritis (TNF11βKO) to determine the role of 11β-HSD1-mediated regulation 

of endogenous GCs during chronic inflammation. Lack of 11β-HSD1 lead to a much more 

severe form of arthritis, characterised by significantly exacerbated swelling and deformity 

of paws, significantly more synovitis and pannus formation, and significantly worse juxta- 

articular and systemic bone loss (157). An additional study showed that the increased 

inflammation  in  the  TNF11βKO mouse also  lead to  increased  inflammatory   muscle 
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wasting, suggesting that 11β-HSD1 amplification of active GCs plays a fundamental role 

in suppressing inflammation (153). A mesenchymal specific 11β-HSD1 KO mouse was 

utilised to determine the role of FLS and osteoblast 11β-HSD1 in these phenotypes. 

These animals displayed comparable arthritis scores, synovitis, and systemic bone 

destruction to TNF-tg animals, indicating that mesenchymal-derived 11β-HSD1 does not 

mediate the anti-inflammatory actions of endogenous GCs in the TNF-tg mouse model 

(157). 

The TNF11βKO mouse also exhibited increased infiltration of T cells, neutrophils and 

macrophages into the joint compared with TNF-tg animals, consistent with the reported 

increase in synovitis. Here, a shift in the M1/M2 ratio towards increased pro-inflammatory 

M1 macrophages was apparent in the TNF11βKO mouse compared to the TNF-tg 

animals, indicating a role for 11β-HSD1 in the polarisation of macrophages (157). In 

keeping with this, a separate study showed that 11β-HSD1 KO mice had a dramatic delay 

in the clearance of pro-apoptotic leukocytes by macrophages, which is a classic function 

of the M2 phenotype. In vitro experiments confirmed this finding, with 11β-HSD1 inhibitors 

preventing the ability of macrophages to increase phagocytosis in response to 11-DHC 

(158). 

Overall, these results indicated that whilst 11β-HSD1 seems to mediate many of the 

negative side effects associated with GCs (see section 1.4.4), 11β-HSD1 inhibitors may 

be detrimental if administered during chronic inflammation by blocking their beneficial 

anti-inflammatory actions. 
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1.4.8 Side effects of glucocorticoid use in chronic polyarthritis 
 
Glucocorticoids are widely utilised in the treatment of diseases such as RA, where they 

are utilised as a bridging therapy prior to traditional DMARDs and manage acute 

inflammatory flares. As previously mentioned (section 1.4.3), the side effects of 

therapeutic GC use are similar to that of endogenous GC excess, including osteoporosis, 

muscle atrophy and diabetes (146). Prednisolone is often initially administered at higher 

doses, at a maximum of 60 mg/day, which is then tapered down to between 7.5 – 30 

mg/day to minimise the risk of side effects (159). The net effects of GCs on the bone 

during chronic inflammation will be discussed in detail in section 3.1. In addition to these 

side effects, GC treatment can result in the suppression of the HPA axis which persists 

even after the termination of therapy. This is commonly known as adrenal insufficiency. 

A systematic review found that between 13-63% of patients receiving exogenous GCs 

developed adrenal insufficiency which persisted 3 years after withdrawal in 15% of 

patients. This phenomenon was evident even in short-term low dose GC therapy and can 

result in problems such as nausea, fatigue and anorexia (160). 

Both chronic inflammation and therapeutic GCs are recognised drivers of systemic 

muscle and bone loss, whilst their combined actions on bone metabolism are less well 

defined. To better delineate how these factors influence these processes requires an 

understanding of normal bone physiology and metabolism. 

 
 
 
1.5 Bone 

 
The skeleton is a highly metabolically dynamic organ which is constantly being 

remodelled, with approximately 10% of the entire skeleton being renewed each year 
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(161). The bone serves multiple functions within the body including; structural support 

and protection of internal organs, contributing to movement via interaction with muscles, 

providing an appropriate environment for haematopoiesis, and acting as a reserve for 

calcium and phosphate (162, 163). Dense cortical bone surrounds the bone marrow 

space and accounts for around 80% of the skeleton, whilst the more elastic trabecular 

bone forms a network of rod and plates within the bone marrow space and accounts for 

the remaining 20% (84). Bone consists of three main cell types; the mesenchymal-derived 

bone forming osteoblasts, the myeloid-derived bone resorbing osteoclasts, and the 

terminally differentiated osteoblasts known as osteocytes (164). 

 
 
 
1.5.1 Structure of long bones 

 
Five different types of bones exist; long, short, sesamoid, flat and irregular. Long bones 

consist of two main parts, the diaphysis and the epiphysis. The epiphysis is the region at 

either end of the bone containing the spongy trabecular bone, whilst the diaphysis is the 

shaft in the middle of the bone. Epiphyseal and diaphyseal regions are connected by a 

narrow area of metaphysis, which in growing bones harbours the epiphyseal growth plate. 

The diaphysis contains no trabecular bone, with the cortical bone surrounding a medullary 

cavity, containing the yellow bone marrow, a structure made up of mesenchymal cells 

and lipid droplets that gradually replaces the haematopoietic red bone marrow 

compartment with age (Fig 1.9) (165). 
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Figure 1. 9: Structure of a long bone. 

Long bones are made up of epiphyseal, metaphyseal and diaphyseal regions. The 
epiphyseal region is made up of spongey trabecular bone and is surrounded by 
cartilage. The diaphyseal region consists of the medullary cavity which harbours the 
bone marrow. These regions are connected by the metaphyseal area that contains the 
epiphyseal growth plate. 

 
 
 

Cortical bone is formed of functional units known as osteons. Osteons are cylindrical 

structures consisting of concentric layers of lamellar bone built around an inner cavity 

called a Haversian canal which houses the blood vessels (84). Additionally, the osteon 

contains lacunae in which osteocytes embedded in the bone reside (166) (Fig 1.10). 
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Figure 1. 10: Structure of cortical bone 
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Cortical bone is made up of functional units called osteons which consist of layers of 
lamellar bone arranged in concentric circles around a Harversian canal containing the 
blood vessels. Bone embedded osteocytes reside in lacuna in the osteon. 

 
 
 
 

The inner side of the cortical bone is covered with a layer of connective tissue called the 

endosteum. Tethered to this are a range of cells including osteoblasts, mesenchymal 

stem cells (MSCs) and adipocytes. Recently, this endosteal niche has been shown to 

play a critical role in the maintenance of haematopoietic stem cells (HSCs) in the bone 

marrow and can induce vascular remodelling during development (167). The outer 

surface of the cortical bone is covered by a thin membrane composed of fibroblasts, 

elastin and collagen known as the periosteum, which contains the blood vessels and 

nerves that supply the bone. The periosteum plays a major role during bone regeneration, 

with a recent study showing that it contains a pool of MSCs which are the major source 

of chondrocytes during endochondral bone repair (168). Almost the entire surface of the 

bone is covered by periosteum, excluding the area where the epiphyses connect with 
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other bones at the joints. In this area, the bone is instead covered with a layer of articular 

cartilage to reduce friction (Fig 1.9) (84). 

 
 
 
1.5.2 The bone remodelling cycle 

 
In adults, bone undergoes a tightly regulated process of formation and resorption, 

allowing damage repair and facilitating mineral homeostasis of calcium and phosphorus. 

This process is known as the bone remodelling cycle and it is comprised of five 

consecutive steps; activation, resorption, reversal, formation and termination (164). The 

cycle occurs in what is known as a basic multicellular unit (BMU), which brings together 

the osteoblasts and osteoclasts in close proximity with access to a capillary blood supply 

and is enclosed by a canopy of bone lining cells (169). BMU structure varies depending 

on where they are situated. BMUs in the trabecular bone resemble a trench on the surface 

of the bone, whilst BMUs in the cortical bone are shaped like tunnels in the cortex formed 

by a “cutting cone” of osteoclasts. A “closing cone” of osteoblasts fills the tunnel and a 

new osteon is created (170). 

During the initiation stage of bone remodelling, osteocytes sense signals such as 

structural damage, mechanical strain or hormones and can communicate to other cells 

via dendritic process. In the absence of initiating signals, osteocytes produce factors such 

as transforming growth factor-β (TGF-β) and the wnt inhibitors sclerostin (SOST) and 

Dickkopf1 (DKK1) which inhibit osteoclast and osteoblast differentiation (171). Signals 

such as bone matrix damage or immobilisation result in osteocyte apoptosis, which 

subsequently leads to a removal of the inhibitory signals and therefore facilitates 

osteoclastogenesis (172, 173). In vitro studies using conditioned media from apoptotic or 
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non-apoptotic osteocytes to treat osteoclasts have shown that treatment with apoptotic 

media increased osteoclast precursor migration and osteoclast formation by up to 64% 

and 450% respectively. Treatment with blocking antibodies revealed that these effects 

were at least partially mediated by receptor activator of nuclear factor kappa-β ligand 

(RANKL) (174) (Fig 1.11). Once osteocytes have recruited and triggered the 

differentiation of osteoclasts, the resorption stage can occur. 

Differentiated, multinucleated osteoclasts must first adhere to the bone surface before 

resorption can occur. The cytoskeleton of osteoclasts is reorganised and four distinct 

membrane regions are formed; the sealing zone, the ruffled-border, the functional 

secretory domain and the basolateral domain. Upon stimulation with growth factors such 

as macrophage colony stimulating factor (M-CSF), osteoclasts form internal adhesion 

structures known as podosomes which consist of a membrane domain made up of 

integrins, encompassing an actin core (175). It has been hypothesised that the sealing 

zone is comprised of a dense network of podosomes (176, 177). Specifically, β3 integrin 

activation has been shown to control cytoskeletal reorganisation and appropriate 

formation of podosomes (178). Integrin activation allows the tight adherence of 

osteoclasts to the mineralised matrix, preventing the leakage of catalytic enzymes from 

the ruffled border into the surrounding environment. The cytoplasm of osteoclasts has 

been found to contain a high concentration of carbonic anhydrase, which serves to 

provide a constant supply of bicarbonate and protons (179). These protons can then be 

shuttled across the ruffled membrane via an H+-ATPase and chloride ions passively 

follow through chloride channels, which ultimately leads to the acidification of the 

resorption compartment and the degradation of the inorganic hydroxyapatite component 

of  the  bone  (180,  181).  At  the  basolateral  domain,  an  anion  exchanger  releases 
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bicarbonate from the cell whilst taking up chloride ions. This allows the pH of the 

cytoplasm to remain neutral while also replenishing the chloride supply (182) (Fig 1.11). 

In contrast, the predominantly type 1 collagen organic component of bone is broken down 

by lysosomal enzymes such as cathepsin K, which are secreted into the resorption space. 

These lysosomal enzymes operate under acidic conditions and require H+-ATPase 

proton pumps and chloride channels on the membrane of the lysosomes to facilitate their 

activity (183, 184). The proteolytic enzyme cathepsin K is one of the proteins housed 

within the lysosomes, and plays an important role in bone resorption due to its ability to 

degrade type 1 collagen fibres. A further function of cathepsin K is to cleave the repressive 

loop domain which inhibits the activity of tartrate-resistant acid phosphatase (TRAP) 

(185). TRAP is highly expressed on osteoclasts, specifically at the ruffled border and in 

intracellular vesicles (186). The exact mechanism of action of TRAP has yet to be 

determined. One theory by which TRAP catalyses bone matrix degradation is via the 

production of reactive oxygen species (ROS), such as hydroxyl radicals (•OH) (187). 

Resorbed bone matrix is transcytosed through the osteoclast and secreted via the 

functional secretory domain. TRAP has also been shown to be localised in these 

transcytotic vesicles, where it further degrades resorbed products, before being secreted 

into the extracellular matrix  (Fig 1.11) (187). 

Following the termination of the resorption phase, a shift towards an osteogenic 

environment promotes the reversal phase, aiding the coupling of resorption to formation. 

This remains a poorly understood stage of bone remodelling. One theory by which this 

coupling process occurs is via the release of growth factors from the bone matrix by 

resorption. Growth factors such as TGF-β and insulin-like growth factor-1 (IGF-1) are 

released during bone resorption and trigger the recruitment of mesenchymal stem cells 
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to the resorption lacunae, favouring osteoblast differentiation (188, 189). The Ephrin/Eph 

family members have also been implicated in this process. EphrinB2 is expressed on 

osteoclasts and it has been suggested that it can interact with its receptor EphB4 found 

on osteoblasts to simultaneously stimulate osteogenic differentiation whilst also 

suppressing the formation of preosteoclast cells via bi-directional signalling (Fig 1.11) 

(190). 

Once mesenchymal progenitors have differentiated into mature osteoblasts, they begin 

to secrete molecules required for bone formation. Mature osteoblasts secrete an organic 

matrix rich in type 1 collagen, osteocalcin and bone sialoprotein (BSP) known as osteoid 

(191). Osteoid is then mineralised via the deposition of hydroxyapatite crystals. 

Hydroxyapatite is formed in matrix vesicles with transporters expressed on their surface, 

allowing the influx of calcium and phosphate ions. Eventually the hydroxyapatite crystals 

break through the membrane of the vesicle and are deposited as a mineralised nodule 

(192). The enzyme alkaline phosphatase is also present on the matrix vesicles, where it 

hydrolyses pyrophosphate (PPi) and promotes release of phosphate ions and with the 

sodium/phosphate co-transporter can provide the materials necessary for crystal 

formation and mineralisation of new bone (193). To prevent abnormal or overactive 

mineralisation, osteopontin is produced and secreted by osteoblasts and osteocytes in 

response to high levels of phosphate. Osteopontin binds to calcium in crystal surfaces 

and inhibits hydroxyapatite formation (Fig 1.11) (194). 

Lastly, the final phase of termination occurs. When bone formation has finished, 

osteoblasts will either undergo apoptosis or become embedded in the bone and 

differentiate into osteocytes. One of the key factors in terminating the bone remodelling 

cycle is the production of the wnt inhibitor sclerostin by osteocytes. During the bone 
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Figure 1. 11: The bone remodelling cycle 

remodelling cycle, expression of sclerostin is reduced to allow osteoblasts to differentiate 

via wnt signalling. During termination, newly differentiated osteocytes in the bone re- 

express sclerostin leading to the inhibition of osteoblast differentiation and subsequently 

the inhibition of bone formation (195) (Fig 1.11). 

 

 

 
 

 

The bone remodelling cycle is activated by apoptosis of osteocytes, which inhibits the 
TGF-β inhibitory signal on osteoclasts, and by osteocyte signalling to osteoclasts via 
RANKL. Once activated, osteoclasts resorb the bone by producing hydrochloric acid 
(HCL) and enzymes such as cathepsin K (CTSK) and tartrate-resistant acid 
phosphatase (TRAP). Osteoblasts become activated by factors released from the 
resorbed bone such as IGF-1 and TGF-β, or by direct interactions with osteoclasts by 
EphrinB2/EphB4 signalling. Activated osteoblasts can then secrete type 1 collagen 
(Col1), osteocalcin (OSC), bone sialoprotein (BSP), alkaline phosphatase (AlkPhos) 
and hydroxyapatite (HA) to form new bone. After the formation stage is completed, 
termination occurs by inhibitory signals from osteocytes such, as osteopontin (OPN) and 
sclerostin (SOST), or by osteoblasts becoming embedded in the bone and differentiating 
into osteocytes. 



42  

1.5.3 Regulation of osteoblast differentiation 
 
Bone remodelling must be tightly regulated to ensure that resorption and formation are 

balanced. Disruptions to the bone remodelling cycle can cause net bone loss or abnormal 

bone gain (196, 197). One key mechanism is mediated via factors that influence the 

differentiation of osteoblasts. Runx2 is the master regulator of osteoblast differentiation 

from mesenchymal progenitors by mediating the expression of osteoblast-specific genes 

such as osteocalcin, osteopontin and bone sialoprotein (198, 199). Runx2 requires 

phosphorylation to become activated, after which it can associate with enhancers, such 

as CCAAT/enhancer-binding proteins (C/EBP), on target genes and recruit factors that 

promote chromatin remodelling, such as the SWI/SNF complex that promotes 

transcriptional activation (200-202). Thus, factors which influence Runx2 signalling 

strongly influence osteoblast differentiation. 

The wnt signalling pathway has been identified as a major regulator of Runx2. Canonical 

wnt signalling is required for the commitment of mesenchymal progenitor cells to the 

osteoblast lineage (203). Here, wnt pathway activation through their binding to the low 

density lipoprotein receptors (LRP) 5 and 6 results in β-catenin translocation to the 

nucleus, where it upregulates the expression of Runx2 (204, 205). 

Consequently, factors which inhibit wnt signalling inhibit the differentiation of osteoblasts. 

Dickkopf1 (Dkk1) is a secreted protein which binds to the co-receptors LRP5/6 and 

antagonises the wnt signalling pathway (206). The wnt inhibitor sclerostin, produced by 

osteocytes, acts in a similar fashion by acting as an antagonist for LRP5/6 receptors 

(207). 
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Osteoblast differentiation can also be induced by hormonal mediators such as parathyroid 

hormone (PTH) which functions to maintain systemic calcium homeostasis under 

physiological conditions (208). PTH is synthesised in the parathyroid gland and secretion 

of PTH-containing vesicles is activated by low serum concentrations of calcium as 

determined by calcium sensor receptors (CaR) (209). Cells of the osteoblast lineage 

express the G-protein coupled receptor PTH1R, which binds PTH and can cause the 

activation of calcium mediated intracellular signalling pathways and protein kinase A 

dependent phosphorylation of transcription factors (210, 211). PTH can have both 

anabolic and catabolic roles on the skeleton depending on the duration of activation, i.e. 

continuous PTH stimulation results in suppression of osteoblastic bone formation whilst 

intermittent stimulation increases osteoblast activity (212, 213). PTH impacts on the 

proliferation of early osteoblasts by inducing the transcription of cyclin D during osteoblast 

development (214). Additionally, PTH increases the differentiation and activity of 

osteoblasts via an upregulation of alkaline phosphatase and an increase in anabolic IGF- 

1 signalling, which subsequently augments the production of type 1 collagen (215, 216). 

PTH signalling can also promote wnt signalling pathways by reducing Dkk1 expression 

and amplifying β-catenin expression and signalling (217). 

Vitamin D can also regulate the concentration of calcium in the serum by improving 

absorption in the intestines. Vitamin D exerts its action via binding to the vitamin D 

receptor (VDR) which subsequently dimerises and binds to vitamin D response elements 

(VDRE) on genes to control transcription. In this way, vitamin D binds to and upregulates 

the gene-encoding the co-receptor LRP5 which leads to enhanced wnt signalling and 

osteoblast differentiation (218). Similarly, to PTH, vitamin D can also increase β-catenin 
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expression (219). Additionally, vitamin D can directly interact with Runx2 via VDREs 

which leads to the upregulation of osteocalcin (220). 

 
 
 
1.5.4 Regulation of osteoclast differentiation 

 
For osteoclasts, the main regulator of differentiation is the RANKL/RANK/ osteoprotegerin 

(OPG) system. M-CSF is essential for differentiation and survival of osteoclasts, however 

it cannot induce osteoclastogenesis alone and instead RANKL/RANK signalling is also 

required (221). Surface bound and secreted RANKL is expressed in osteoblasts, 

osteocytes, fibroblasts and activated B and T lymphocytes, whilst RANK is predominantly 

expressed on osteoclasts and their precursors (222-226). Upon binding with RANKL, 

RANK recruits TRAF6 to its cytoplasmic domain, activating a kinase signalling cascade 

that promotes osteoclast differentiation, activation and survival (227). Activation of NF-κB 

signalling pathway by RANKL/RANK signalling also activates NFATc1, the master 

regulator of osteoclast differentiation, which is associated with the expression of 

osteoclast-specific genes including those encoding TRAP and cathepsin K (228). RANKL 

also induces the expression of Atp6v0d2, a subunit of the proton pump, and DC-STAMP, 

which are required for the fusion of osteoclast precursors to form differentiated 

osteoclasts (229, 230). Of interest, transgenic mice that ubiquitously overexpress the 

soluble form of RANKL die in utero, and those overexpressing soluble RANKL in the liver 

exhibit a severe osteoporotic phenotype (231). Thus, tight control of RANKL/RANK 

signalling is critical in regulating bone metabolism. OPG is expressed by cells of the 

osteoblast lineage and acts as a decoy receptor for RANK, leading to inhibition of 

RANK/RANKL signalling pathways and suppression of osteoclastogenesis (232). 
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As previously mentioned, continuous PTH exposure results in increased bone resorption 

secondary to the increased production of RANKL and M-CSF. Additionally, PTH has been 

shown to have inhibitory effects on OPG expression in osteoblasts, which together with 

changes in RANK signalling, promotes bone resorption (233). 

Other factors impacting on RANKL/RANK signalling include GCs and inflammation which 

are discussed in section 1.5.5 and 1.5.7 respectively. 

 
 
 
1.5.5 Glucocorticoid-induced osteoporosis (GIO) 

 
Another important hormonal factor in the regulation of bone homeostasis is glucocorticoid 

signalling. Under physiological conditions, GCs positively influence bone development 

and maintenance. Here, constitutively inactivating GC signalling through the 

overexpression of 11β-HSD2 in mature osteoblasts (resulting in their increased 

clearance) shifts the commitment of mesenchymal progenitor cells from osteoblasts to 

adipocytes (234). GCs have been shown to stimulate the expression of wnt7b and wnt10b 

in osteoblasts and promote osteoblast differentiation at low doses, whilst at higher doses 

GCs downregulate these wnt proteins and upregulate wnt inhibitors such as Dkk1 (235). 

Therefore, while low levels of GCs are beneficial for the bone, higher doses are 

detrimental. The best example of this is with GC-induced osteoporosis (GIO). 

GIO is the most common form of secondary osteoporosis. Risk of fracture has been found 

to dramatically increase within 3 to 6 months of starting prednisolone therapy. The relative 

risk of any fracture was increased by 33% in patients receiving GCs, with particular 

increase in vertebral and hip fractures. The side effects of GC use on the bone were found 

to   be  markedly   reversible   after   stopping  treatment   (21).   While postmenopausal 
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osteoporosis is mediated by an increase in bone resorption by the osteoclasts, GIO is 

mediated primarily by a substantial inhibition of osteoblastic bone formation (236). Again, 

constitutively inactivating GC signalling through the overexpression of 11β-HSD2 in 

mature osteoblasts revealed that therapeutic GCs reduce bone strength and formation 

rate by suppressing their maturation and triggering their apoptosis (237). 

The impact of GCs on osteoclasts is less clear. Several studies report that GC treatments 

result in a decrease in osteoclast number but an increase in osteoclast longevity, 

mediated via an increased M-CSF production (236, 238, 239). Further studies have 

reported conflicting results on the expression of osteoclastic genes in response to GCs. 

One study showed that dexamethasone treatment of murine calvarial bones resulted in 

increased mRNA levels of RANK, RANKL and OPG, leading to increased levels of TRAP 

and cathepsin K (240). Other studies found that OPG is either decreased, or that RANKL 

and OPG levels remain unchanged (238, 241, 242). These differential responses may be 

dependent on the differentiation stage or activation status of the osteoclasts (243). The 

variation in dose, method of administration and experimental model may also be 

responsible for the variation of results. 

Since GCs are used clinically as immunosuppressive agents, the underlying inflammatory 

state of the patient must also be taken into account when investigating bone related 

effects. 

 
 
 
1.5.6 Bone loss and muscle wasting in chronic inflammation 

 
In addition to the localised juxta-articular complications associated with chronic 

inflammatory arthritis, systemic complications, such as bone loss and muscle wasting, 
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are also common. After one year of disease, patients with RA were found to have 

significantly lower bone mineral density (BMD) measurements at all sites examined when 

compared to healthy controls. This inversely correlated with clinical inflammatory markers 

such as serum C reactive protein (CRP) suggesting that systemic bone loss in RA is 

associated with severity of inflammation (244). The mechanisms behind inflammatory 

bone loss will be extensively covered in section 1.5.7. One study performed high- 

resolution CT scans of the radius bones of 90 RA patients and found that bone volume 

measurements (BV/TV) were significantly reduced in the RA group compared to healthy 

controls. The basis of this reduction in bone volume differed depending on the sex of the 

patient, with female RA patients having significantly lower trabecular number (Tb.N), 

whilst male RA patients had significantly reduced lower trabecular thickness (Tb.Th) 

compared to their respective controls (351). 

Muscle wasting is also a systemic complication associated with inflammatory arthritis, 

with approximately two thirds of RA patients presenting with reductions in muscle mass 

(245). A study showed that RA patients had significant reductions in hip and knee muscle 

strength, endurance and aerobic capacity compared to healthy controls (246). In addition, 

one study reported that cross-sectional area of forearm muscles was significantly reduced 

in RA patients compared to controls, and this muscle atrophy, alongside increases in joint 

deformity and pain, lead to reductions in grip strength (247). Briefly, inflammatory muscle 

wasting is mediated by pro-inflammatory cytokine stimulated upregulation of MuRF1 and 

atrogin-1, genes associated with the proteasomal degradation pathway, and the 

disruption of the mTOR pathway, associated with protein synthesis, in the muscle (248, 

249). 
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Bone loss, muscle wasting and physical inactivity in RA patients all contribute to an 

increase in fracture risk. Overall, RA patients have around a 30% increased risk of 

osteoporotic fractures at sites such as the hip, vertebrae, wrist and humerus (250). More 

specifically, a study showed that vertebral fractures in women with RA are over twice as 

common than in age-matched postmenopausal women (251). The contribution of 

inflammation to fracture risk can be difficult to ascertain due to the use of therapeutic GCs 

which also contribute to both reductions in bone mineral density and muscle strength, as 

previously described (1.5.5). 

 
 
 
1.5.7 Mechanisms of Inflammatory bone loss 

 
Glucocorticoids are commonly used to treat inflammation; however, inflammation in itself 

is a significant driver of systemic bone loss. A prominent mechanism associated with a 

shift toward net bone loss is the interaction of the activated immune system with bone 

cells. Chronic inflammation is associated with inflammatory bone loss, which can be 

triggered by both direct interactions with immune cells and by their production of pro- 

inflammatory cytokine mediators. In terms of resorption, cytokines can be split into two 

categories; pro-osteoclastogenic and anti-osteoclastogenic. Many of the pro- 

osteoclastogenic cytokines, including TNFα, IL-1β, IL-6, IL-8 and IL-17, mediate their 

actions via an upregulation of RANKL on fibroblasts and osteoblasts (252-255). 

Additionally, TNFα, IL-1β and IL-6 have been shown to act synergistically to increase 

RANKL (256). T and B cells also upregulate RANKL expression in response to stimulation 

with antigen. Activated T and B cells isolated from resorptive bone lesions of patients with 

periodontitis were able to induce osteoclastogenesis in vitro in a RANKL-dependent 

manner (224). However, the osteoclastogenic potential of a T cell depends on its specific 
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subset. Studies have shown that Th17 cells, which are commonly associated with 

autoimmune diseases, act as osteoclastogenic helper cells, whilst Th1 cells inhibit 

RANKL expression via IFNγ-induced degradation of TRAF6 and thus have anti- 

osteoclastogenic actions (257, 258). Th2 cells can also inhibit osteoclast differentiation 

via their production of the anti-osteoclastogenic IL-4 which downregulates NFATc1 

expression and suppresses TNFα signalling (259). 

TNFα also has important effects on the bone forming ability of osteoblasts in 

inflammation. TNFα treatment of osteoblasts precursors inhibits their differentiation by 

suppressing the DNA-binding ability of Runx2. This leads to inhibition of alkaline 

phosphatase expression and reduced matrix deposition (260). The pro-apoptotic 

properties of TNFα on osteoblasts have also been observed (261). Similarly, IL-6 

treatment of osteoblasts leads to reductions in alkaline phosphatase activity and in the 

expression of Runx2 and osteocalcin. Mineralisation by osteoblasts is also dramatically 

reduced in a dose dependent manner, highlighting the inhibitory effects of this cytokine 

on osteoblast differentiation (262). Conflicting data has also been published highlighting 

the stimulatory effects of IL-6 on osteoblasts, suggesting that IL-6 mediates osteoblast 

differentiation via activation of the Stat3 transcription factor and inhibits TNFα-induced 

osteoblast apoptosis (261, 263). More research is needed to fully elucidate the role of 

specific cytokines in inflammatory bone loss, however it is widely accepted that this 

detrimental bone phenotype results from an imbalance in the bone remodelling cycle, 

shifting towards resorption and away from formation (264). A previous study attempted to 

reverse the bone loss observed in the human TNF-transgenic (TNF-tg) mouse by 

combined treatment with anti-TNF therapy in combination with anti-osteoclastic (OPG) 

and pro-osteoblastic agents (PTH). Anti-TNF and OPG treatments alone were sufficient 
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to inhibit osteoclast activity and prevent the development of further erosions. However, 

treatment with anti-TNF in combination with OPG and PTH, resulted in arrest of bone 

erosion development but also repair of existing bone erosions. These results indicate that 

repair of bone erosions requires a therapy which simultaneously controls inflammation 

while also shifting the osteoclast to osteoblast ratio in favour of the osteoblasts either by 

promoting osteoblastogenesis or suppressing osteoclastogenesis (265). 

1.6 Mouse models of polyarthritis and inflammatory bone loss 
 
Animal models of inflammatory arthritis have substantially enhanced the knowledge 

behind the pathogenesis of chronic inflammatory polyarthritis and informed therapeutic 

approaches. Commonly used models include the TNF-tg mouse, collagen-induced 

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

transfer induced arthritis (STIA) (266). 

 
 
 
1.6.1 Strengths and weaknesses of commonly used models 

 
Each model is associated with specific strengths and limitations. The CIA model uses an 

intradermal injection of homologous type 2 collagen alongside Freund's adjuvant to 

induce a chronic and progressive inflammatory polyarthritis. The disease progression is 

similar to that of human RA, with characteristic inflammatory infiltration into the synovium 

and erosion of the bone and cartilage of the joint. In addition, this model also mimics the 

breach of tolerance often seen in RA which leads to the production of auto-antibodies and 

type 2 collagen-specific T cells (267). The main limitation of the CIA model is that it is 

generally limited to the DBA/1 mouse strain, whilst the majority of transgenic models are 

generated in the C57BL/6 strain which is markedly more resistant to CIA induction (268). 
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Recent developments have been made towards inducing CIA in C57BL/6 mice, however 

the disease is milder and more variable than in DBA/1 mice and thus less reproducible 

(83, 269). 

The CAIA overcomes this limitation through the transfer of CIA serum, containing collagen 

specific autoantibodies, into a C57BL/6 strain to generate acute inflammatory arthritis 

(270). The clinical progression of the disease closely resembles that of CIA, however the 

CAIA model does not include the involvement of the adaptive T and B cell immune 

responses (271). Thus, the CAIA model is not appropriate to study the contribution of the 

adaptive immune response to the pathogenesis of inflammatory arthritis. 

Crossing mice with a transgenic T cell receptor (TCR) specific for a bovine RNase epitope 

(KRN mice) with mice expressing MHC class II molecule-Ag7 (such as the NOD mouse) 

generates the K/BxN model of chronic spontaneous inflammatory arthritis. The 

pathogenesis is driven by activation of the complement cascade and stimulation of pro- 

inflammatory cytokines such as TNFα and IL-1β. In addition, this model has high levels 

of autoantibodies and T cells specific to glucose-6-phosphate isomerase (272). 

Transferring the serum containing these antibodies to another mouse will also induce an 

acute resolving form of inflammatory arthritis with a well-established progression of 

disease, known as the serum transfer induced model. This can be performed in a wide 

variety of mouse strains (273). The drawback of these models is that glucose-6- 

phosphate isomerase antibodies do not appear to play a role in the development of 

human RA (274, 275). 



52  

1.6.2 The TNF-tg model of polyarthritis 
 
The TNF-tg mouse model of chronic inflammatory polyarthritis is driven by the 

overexpression of human pro-inflammatory cytokine TNFα. The AU-rich element (ARE) 

typically present in the 3’-untranslated region (3’-UTR) of the human TNFα gene mediates 

the destruction of TNFα transcripts in resting cells to prevent gene expression. In the 

TNF-tg mouse, the human TNFα gene is modified to replace the 3’UTR containing the 

ARE with the 3’-UTR of the gene encoding β-globin. This leads to increased gene stability 

and thus constitutive translation of TNFα (276). Several lines of TNF-tg mice have been 

developed in which chronic inflammatory arthritis is consistently induced. The Tg197 line 

contains five transgene copies, producing a severe arthritic phenotype which, in 

homozygous mice, becomes fatal at 12-14 weeks. Consequently, due to the severity of 

disease, TNF-tg are bred with WT animals to produce heterozygous offspring (277). 

Tg197 mice exhibit progressive inflammatory arthritis similar to human RA, with significant 

swelling of joints present from around four weeks of age, substantial hyperplasia and 

inflammatory infiltration, and juxta-articular bone and cartilage erosions. The effects 

triggered by the overexpression of TNFα helped highlight the important role of this 

cytokine in the pathogenesis of RA, and facilitated research examining anti-TNF therapies 

as a therapeutic, ultimately culminating in the anti-TNFα biological class of drugs (276). 

As with the CAIA model, the TNF-tg model is limited due to the lack of adaptive immunity 

in disease progression (278). 
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1.6.3 Bone and muscle phenotype of the TNF-tg mouse 
 
TNFα has been widely implicated in the development of bone loss and muscle wasting in 

inflammation due to its activation of osteoclasts and induction of muscle specific ubiquitin 

ligases (279, 280). Thus, in addition to the similar local juxta-articular signs and clinical 

presentation of the TNF-tg mouse model to human RA, it also closely resembles the 

human disease in terms of systemic complications. Using micro-CT analysis of the tibias 

from the TNF-tg mouse, we have previously shown that there are significant reductions 

in bone volume, trabecular thickness and trabecular number in these animals compared 

to WT mice. Moreover, histological analysis has revealed that TRAP positive osteoclasts 

are highly abundant in the bones of TNF-tg animals. In addition to the osteoclast 

phenotype observed in the TNF-tg mouse, significant reductions in the mature osteoblast 

markers alkaline phosphatase and osteocalcin were also observed. Finally, the muscles 

of the TNF-tg animals have significant inflammatory muscle wasting with smaller muscle 

fibres, trends towards decreased quadriceps and tibialis anterior muscle size relative to 

WT counterparts, that result in decreased mobility (281). 

 
 
 
1.7 Summary 

 
Chronic inflammatory polyarthritis affects around 2% of the adult population and can leads 

to both juxta-articular manifestations, such as bone and cartilage destruction and joint 

deformity, and systemic problems, including inflammatory bone loss and muscle wasting. 

Together these contribute to physical disability, decreased quality of life and increased 

mortality. GCs have proven highly efficacious in the treatment of chronic inflammatory 

diseases via their potent anti-inflammatory and immunomodulatory actions, however their 

use is limited due to the prevalence of serious adverse effects such as GC-induced 
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osteoporosis. Understanding these processes remains paramount in the effective 

management of patients with chronic inflammatory disease, with further research 

necessary to tease apart the mechanisms behind the beneficial and detrimental actions 

of therapeutic GCs and facilitate the development of new, more targeted therapies. 

 
 
 
1.8 Hypothesis 

 
We predict that glucocorticoid activation by 11β-HSD1 will be central in mediating both 

the beneficial and detrimental effects of therapeutic GCs in the backdrop of chronic 

inflammatory disease. 

 
 
 
1.9 Aims 

 
The specific aims of this project were to: 

 
● Examine the contribution of 11β-HSD1 metabolism of GCs to GIO using the 11β- 

HSD1 KO mouse (Chapter 3) 

● Investigate the net effects of GCs on the bone in the TNF-tg mouse model of 

chronic inflammatory arthritis (Chapter 4) 

● Establish the role of 11β-HSD1 in mediating the therapeutic anti-inflammatory 

effects of GCs in the TNF11βKO mouse (Chapter 5) 

● Determine which cell types are mediating the anti-inflammatory effects of GCs in 

cell specific TNF11βKO mice (Chapter 5) 

● Utilise the TNF11βKO mouse to investigate the role of 11β-HSD1 metabolism in 

GIO during chronic inflammation (Chapter 6) 
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Chapter 2: Materials and Methods 
 
Unless otherwise stated all reagents were ordered from Sigma-Aldrich, Gillingham, UK. 

All methods were carried out by me unless specifically stated. 



56  

2.1     Animal experiments 
 
Procedures on animals were performed under guidelines by the Animal (Scientific 

Procedures) Act 1986 in accordance with the project licence (70/8582 or P51102987) and 

approved by the Birmingham Ethical Review Subcommittee (BERSC). All mice were from 

C57BL/6J strain. Mice were housed in the Biomedical Service Unit (BMSU) at 21-23°C 

and a humidity of approximately 55%. Mice were kept with ad libitum access to standard 

chow and water and a 12 hour light/dark cycle. An arthritic paw score (section 2.1.4) of 

greater than 10, a clinical score of over 16, or a loss of weight greater than 20% was 

characterised as the human endpoint for the mice. At seven weeks animals were culled 

using cervical dislocation. Male mice were exclusively utilised to avoid any fluctuations in 

responses based on differing estrous cycles of the mice since estrogen levels vary widely 

during the cycle and have been shown to have differing effects on the immune system 

(353). 

 
 

 
2.1.1   TNF-Tg mice 

 
TNF-transgenic (TNF-Tg) mice of the Tg197 line were obtained from Dr George Kollias 

of BSRC Alexander Fleming (Athens, Greece). Briefly, chronic inflammation is driven by 

the replacement of the inhibitory ARE in the 3’-UTR of the human TNFα gene with the 3’- 

UTR of the β-globulin gene, rendering it constitutively active (see section 1.6.2) (276). 

Tg197 mice have five copies of the transgene and develop severe arthritis, thus they are 

bred with wild-type (WT) mice in order to generate heterozygous offspring (277). Breeding 

animals were given Remicade (infliximab), a monoclonal antibody against human TNFα, 

which has been shown to decrease disease activity and improve breeding of animals 
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(282). 
 
 
 

 
2.1.2 Generation of global KO mice 

 
Global 11β-HSD1 knockout (11βKO) mice have been previously produced using the Cre- 

loxP system. Cre is a site-specific DNA recombinase protein encoded by the cre 

(cyclisation recombination) gene from bacteriophage P1, which recognises sites known 

as loxP sites on the genome and catalyses homologous recombination of DNA that is 

flanked by loxP sequences (283). This capacity of the cre-loxP system to efficiently 

manipulate DNA has been taken advantage of to produce animal models capable of 

deciphering the impact of specific proteins, for example the 11βKO mouse. Briefly, a 

targeting vector was designed, using the pBluescript SK(+) plasmid, which contained a 

lox-P flanked neomycin cassette at the 5’ site of exon 5 of the HSD11B1 gene and an 

extra loxP at the 3’ site. DNA sequencing was used to verify the construct, after which it 

was linearised and electrophorated into the pluripotent embryonic stem cell line 

E14TG2a. Cells which were positive for the recombined trifloxed allele were selected for, 

expanded and injected into blastocysts from C57BL/6 mice. Male mice containing the 

recombinant allele were then crossed with WT females and the recombined allele was 

transmitted via the germline. Upon generation of mice heterozygous for the trifloxed allele, 

these animals were mated with zona pellucida 3 (Zp3)-Cre expressing mice, which leads 

to the deletion of the floxed allele. Germline transmission of the null allele occurs until 

homozygosity is achieved, resulting in the 11β-HSD1 global KO mouse (284). Global 

11βKO mice were provided courtesy of Prof Gareth Lavery. Heterozygous TNF-tg mice 

were crossed with 11βKO mice to generate TNF11βKO mice. 
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2.1.3 Generation of cell specific KO mice 
 
The Cre-loxP system was also used to generate the mesenchymal and myeloid specific 

KO mice. For mesenchymal specific KOs, HSD11B1flx/flx animals were crossed with Twist- 

2 cre mice. Twist2 is expressed in mesenchymal derived cell populations and twist-2 cre 

recombinase activity has been shown in populations such as synovial fibroblasts, 

chondrocytes and osteoblasts. HSD11B1flx/flx/Twist2cre (WT-Twist2) mice were mated with 

heterozygous TNF-Tg mice to produce TNF-Tgflx/flx/Twist2cre (TNF-Twist2) animals. Myeloid 

specific KO animals were bred in a similar way, using a LysM cre mouse, which has 

previously been shown to achieve a 70% recombination in macrophages, 90% in 

neutrophils, 16% in DCs and 26% in mast cells, with T and B cells almost completed 

unaffected (129). 

 
 
 
2.1.4 Treatment and scoring 

 
Four-week old male mice were scored twice weekly for clinical scores, and arthritic paw 

scores, as shown in table 2.1 and 2.2, for three weeks. Mice receiving GC treatment were 

supplied with ad libitum access to drinking water containing corticosterone (Cort) (Sigma, 

Gillingham, UK) at 50 µg/ml or 100 µg/ml for the duration of the scoring period. To prepare 

the corticosterone drinking water, 100 mg corticosterone was dissolved in 6 ml ethanol 

(or 50 mg in 3 ml) before being added to 1 L water (giving 0.6% ethanol overall). 

Corticosterone water was kept at 4°C in the dark when not in use and replaced twice 

weekly. During treatment, corticosterone water was administered in opaque drinking 

bottles to protect from light. Mice were culled at the end of the experiment by cervical 
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dislocation following exsanguination by cardiac puncture. Tibias were collected post 

mortem, one of which was fixed in 4% formalin before being transferred to 70% ethanol 

for storage, the other of which was homogenised for RNA isolation. Spines, front paws 

and livers were also formalin-fixed and stored in 70% ethanol prior to use. Adrenals were 

excised and weighed. 
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Table 2. 1: Scoring system for clinical parameters 
 
 

Score 

Behaviour (assessed in home cage prior to handling) 

Normal interactions with cage mates  0 

Reduced interest in roaming behaviour  2 

Isolated from cagemates (provide additional house)  5 

Mobility (assessed in a separate cage)   

Normal  0 

Abnormal gait  1 

Paddling (give analgesia)  2 

Reluctance to stand up on hind legs (give analgesia)  3 

Absence of load bearing (give analgesia)  5 

Body weight (compared to an age‐matched control) 

Normal (within 10% of age matched control)  0 

>10 % weight loss (ensure food on cage floor)  2 

>15% (give soft, palatable food)  5 

Mouse Grimace Scale 

Not present  0 

Mild  1 

Moderate ‐ give analgesia  2 

Arthritic paw score (see table right) 

Normal  0 

Total 1 ‐ 3  1 

Total 4 – 7  2 

Total 8– 10  3 

Total 11 ‐ 12  4 

Time since first signs of arthritis were detectable 

0‐1 week  0 

1‐2 weeks  1 

2‐4 weeks  2 

>4 weeks  4 

Total score 

Sum all parameters  /25 
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Table 2. 2: Scoring system for arthritic paw scores 
 

 
Arthritic paw score 

No swelling  0 

Discolouration and/or mild deformity of <2 joints  1 

Mild deformity affecting phalanges/metatarsals  2 

Moderate deformity affecting multiple joints  3 

 
 
 
 

2.2 Micro-CT imaging 
 
Tibias, front limbs and spines were excised from mice post mortem and fixed in 4% 

formalin before being stored in 70% ethanol. A Skyscanner 1172 (Bruker Micro-CT, 

Belgium) was used to obtain X-ray images of the samples with source voltage and current 

settings set to 60 kV and 167 µA, respectively. Projections were taken after every 0.45° 

rotation at an exposure of 580 ms. Volumetric reconstruction by Feldkamp algorithm was 

performed for each sample using NRecon software (Bruker Micro-CT, Belgium) in order 

to generate a 3D model. For all reconstructions, a beam hardening correction of 20% was 

used and ring artefact correction was set to 4. A misalignment compensation within the 

range of ±5 was accepted, otherwise the sample was rescanned to minimise movement. 

 
 
 
2.2.1 Quantitative µCT analysis 

 
Reconstructed models of the tibias and spines could then be analysed using the CT- 

analyser software (CTan, Bruker Micro-CT, Belgium). CTan allows for the visualisation of 

the bone in cross-sectional slices. For spines, the 6th lumbar vertebra was chosen, and 

the region of interest (ROI) was drawn around the vertebral body (Fig 2.1 A-C). For tibias, 
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Figure 2. 1: Regions of interest selected for spines and tibias 

1 mm of bone (150 slices) directly under the growth plate in the metaphysis was chosen 

for analysis due to the high trabecular content. The region of interest (ROI) was drawn 

around the inner trabecular space for each slice (Fig 2.1 D-F). Upper and lower grey 

thresholds of 255 and 71 were chosen, respectively. The ROIs were then despeckled and 

3D analysis was performed for bone volume/total volume (BV/TV), trabecular thickness 

(Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp) with the analysis 

tools provided with the software. 3D meshes of the tibias were generated using MeshLab 

software. 

 

 

 

 
A-C show cross-sectional images through the spine at the top (A), middle (B) and bottom 
(C) of the 6th lumbar vertebra. D-F show cross-sectional images through the tibia at the 
top (D), middle (E) and bottom (F) of the 1 mm section of bone chosen. 

A  B  C 

D  E  F 
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2.2.2 Qualitative µCT analysis 
 
Reconstructed models of the front limbs were processed using CTan software (Bruker 

Micro-CT, Belgium). An upper grey threshold of 255 was used with a lower grey threshold 

of 100. Each scan was despeckled and processed in order to generate a .ply file which 

could be loaded onto MeshLab and modified using ambient occlusion. Each sample was 

scored blind by two independent people. Samples were scored for approximate area 

affected and erosion scores as shown in Table 2.3 for each region; the wrist, metacarpals 

and phalanges. Final scores were generated by multiplying area and erosions scores for 

each region and taking an overall total, an example of which is shown in Table 2.4 

 
 
 
Table 2. 3: Criteria for area affected and erosion scores for qualitative scoring of 
front limbs 

 

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 
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Table 2. 4: Example of calculation of total erosion scores for qualitative scoring of 
front limbs 

 

 Erosion score Area affected Total 

Wrist region 3 1 3 

Metacarpals 2 3 6 

Phalanges 2 2 4 

Total   13 

 
 
 
 

2.2.3 ImageJ analysis of spines 
 
ImageJ analysis of cross-sectional slices from spines was used as an extra analysis of 

bone loss. The slice used was determined by defining the top and bottom slices of the 6th 

lumbar vertebra and selecting the slice directly in the middle of these. The scale was set 

to 185.5398 pixels = 2 mm. The freehand selection tool was used to draw the first area of 

interest around the outside perimeter of the vertebra (as indicated by the red line Fig 2.2) 

and the second area of interest around the inner perimeter of the cortical bone (indicated 

with the yellow line Fig 2.2). The perimeter and area were recorded for each region of 

interest, and cortical area was calculated as total area minus inner area. 
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Figure 2. 2: Representative image showing areas of interest in the 6th lumbar 
vertebra. 

 
The red line indicates the outside perimeter of the vertebra, whilst the yellow line 
indicates the inner perimeter of the cortical bone. 

 
 
 
 
 

 

2.3 Osteoblast cell culture 
 
Osteoblasts were isolated from mouse pup calvaria at 1-2 days old (prior to ossification 

of the skull) by a serial digestion method. All digestions were performed at 37°C in a 

shaking water bath and calvaria were washed in PBS after each incubation. Heads were 

removed after cervical dislocation, calvaria were isolated and ears were collected for 

genotyping. After washing in sterile PBS, each calvariae underwent an initial digestion 

with collagenase D (1 mg/ml, Sigma, Gillingham) in serum free Dulbecco’s Modified Eagle 

Medium (DMEM, Sigma, Gillingham) for 10 minutes. The supernatant was removed using 

a 100 µm cell strainer and discarded. Samples then underwent a second collagenase 

digestion for 30 minutes. The resulting supernatant was removed and retained (Fraction 

1). The calvaria were then digested with EDTA (4 mM) (Sigma, Gillingham, UK) in serum 

free DMEM for 10 minutes. The supernatant was removed and retained (Fraction 2). A 

final collagenase digestion was performed for 30 minutes, after which the supernatant 

was removed and retained (Fraction 3). Fractions 1, 2 and 3 were then combined and 
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centrifuged for 5 minutes at 1200 rpm. The pellet could then be resuspended in high- 

glucose DMEM (1% penicillin-streptomycin, 10% fetal calf serum [FCS]) and osteoblasts 

were plated at a density of 1 x 105  cells per well on a six well plate. 

 

 
2.4 Co-culture 

 
Cell culture methods were employed in order to investigate whether macrophages and 

fibroblasts communicate GC actions via paracrine signalling. Both direct co-culture 

techniques and indirect conditioned media assays were utilised for this. 

 
 
 
2.4.1 Isolation of synovial fibroblasts 

 
Fibroblasts were isolated from the synovial lining of tibias and paws of seven-week old 

mice. Front and hind limbs were dissected post mortem and sterilised in 70% ethanol 

after removal of skin. All steps after this were carried out in a tissue culture hood. Nails, 

fat, muscle and tendons were removed from the limbs. Tibias and both front and hind 

paws were isolated from each mouse. Individual bones of the paw were dissected apart 

to optimally expose the synovium on the metacarpals and carpal bones (metatarsal and 

tarsal bones for hind paws). Care was taken not to break any bones in order to avoid 

contamination by cells of the bone marrow compartment. The bones were then incubated 

at 37°C in enzymatic medium no.1 (DMEM containing 2% FCS, collagenase D [100 

mg/ml, Sigma, Gillingham] and DNAse I [100mg/ml, Sigma, Gillingham]) for 45 minutes. 

The supernatant was discarded and the bones were then incubated at 37°C in enzymatic 

medium no.2 (DMEM containing 2% FCS, collagenase/dispase [100 mg/ml, Sigma, 

Gilligham] and DNAse I [100 mg/ml, Sigma, Gillingham]) for 30 minutes. EDTA (0.5M) 
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was added to the media and incubated for a further 5 minutes. The supernatant was 

filtered through a 70 µm cell strainer, centrifuged at 1200 rpm for 5 minutes and 

resuspended in high glucose DMEM (10%FCS, 5% pen/strep). Cells were plated onto a 

T25 cm3 flask and allowed to become confluent. Cells were passaged 3 times before use 

to remove any macrophages. 

 
 
 
2.4.2 Isolation of peritoneal macrophages 

 
Tissue resident macrophages were extracted from mice via peritoneal lavage. After 

cervical dislocation, the skin of the mouse was gently removed to expose the lining of the 

peritoneal cavity. 10 ml of ice cold EDTA/PBS solution (2mM, sterile) was prepared for 

each mouse in a 20 ml syringe. 8 ml of the EDTA/PBS solution was injected into the 

peritoneum via the gonadal fat pad using a 0.5 mm x 25 mm 25 gauge hypodermic needle 

(B. Braun, Sheffield, UK). Care was taken throughout so as not to puncture any internal 

organs. The peritoneum was gently massaged to dislodge cells into the solution. A 1.1 

mm x 50 mm 19 gauge hypodermic needle (Terumo, Birmingham, UK) needle was then 

used to inject the final 2 ml of EDTA/PBS solution into the peritoneal cavity. This was 

syringed in and out several times in order to further dislodge any cells still attached to the 

peritoneum. The fluid was then removed, avoiding any fat which may block the needle, 

and approximately 7-8 ml of the solution was recovered. The solution was centrifuged at 

1200 rpm for 10 minutes and resuspended in Roswell Park Memorial Institute (RPMI, 

Sigma, Gillingham) 1640 medium (10% FCS, 1% pen/strep). Cells were plated at a 

density of 500,000 cells per ml. 
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2.4.3 Treatment of macrophage and FLS co-cultures 
 
After being passaged 3 times, FLS from 11βKO mice were plated onto a 6 well plate. 

Peritoneal macrophages from WT animals were plated onto Nunc™ Polycarbonate Cell 

Culture Inserts (ThermoFisher, Paisley, UK) with a pore size of 3 µm and inserted into 

three of the wells. High glucose DMEM (10% FCS, 1% pen/strep) was supplemented with 

either 11-DHC (1000 nmol/L) or corticosterone (1000 nmol/L) in each well for 48 hours. 

Treatments were repeated in wells containing 11βKO FLS with no inserts as a control 

(Fig 2.3). After 48 hours, cells were lysed and RNA isolated. 

 

 

 

Figure 2. 3: The set-up of the co-culture experiments using Cell Culture Inserts 
 

KO FLS are cultured in wells with the WT macrophages sitting on top in inserts and 
treated with either active corticosterone or inactive 11-DHC. 

 
 
 
 
 
2.4.4 Conditioned media experiments 

 
FLS and macrophages from both WT and 11βKO mice were isolated for conditioned 

media  experiments.  FLS  from  both  genotypes  were  treated  with  either  normal 
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unsupplemented media (con) or media supplemented with 1000 nmol/L 11-DHC for 48 

hours, after which the conditioned media was removed and frozen at -80°C. Macrophages 

cultured from 11βKO animals were then treated with 200 µl (per ml) of FLS conditioned 

media for 24 hours (Fig 2.4). Media was collected and stored at -80°C for ELISA analysis. 

Cells were lysed, RNA isolated and GC responsive genes were analysed by qPCR to 

detect any changes. This experiment was also performed in reverse i.e. 11βKO FLS were 

treated with conditioned media from WT and 11βKO macrophages. 

 
 

WT and 11βKO fibroblasts were cultured in the absence or presence of 11-DHC. 
Media was collected and used to treat 11βKO macrophages. Experiments were also 
performed in reverse with macrophages providing the conditioned media and FLS 
being treated 

Figure 2. 4: Set up of conditioned media transfer experiments 
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2.5 RNA isolation and analysis 
 
RNA was extracted from tissues and cells, quantified and reverse transcribed to 

complimentary DNA (cDNA). This cDNA could then be analysed by quantitative PCR 

(qPCR) to determine the levels of messenger RNA (mRNA) of genes of interest. 

 

 
2.5.1 RNA isolation 

 
RNA was extracted using the innuPREP RNA Mini Kit 2.0 (AnalytikJena, Jena, Germany). 

All centrifugation steps were performed at 4°C. To extract RNA from bone, tibias were 

dissected, removing all soft tissue, and homogenised in liquid nitrogen. Lysis buffer RL 

was added to the resulting powder and the mixture was centrifuged at 13,000 rpm for 5 

minutes. For cells, lysis buffer RL was added directly to the plates followed by scraping 

of each well. The supernatant from the tissue or cells was transferred to a receiver tube 

with Spin Filter D. This was centrifuged at 12,000 rpm for 2 minutes to remove genomic 

DNA. Spin Filter D could then be discarded, and an equal volume of ethanol was added 

to the filtrate to allow precipitation of the RNA. The sample was transferred to a receiver 

tube with Spin Filter R and centrifuged at 12,000 rpm for 2 minutes. Spin Filter R binds 

the RNA and buffers can be flushed through the filter to wash the RNA. First, washing 

solution HS is added to the filter and centrifuged at 12,000 rpm for 1 minute. After 

discarding the filtrate, the same can be done with washing solution LS. The filter is then 

transferred to a fresh receiver tube and centrifuged at 12,000 rpm for 3 minutes in order 

to dry the RNA. Finally, 30 µl of RNAse free water is added to the filter and centrifuged at 

8,000 rpm for 1 minute to elute the purified RNA into an elution tube. RNA concentration 

could then be quantified using a NanoDropTM 1000 Spectrophotometer (ThermoFisher, 

Paisley, UK). All RNA was stored at -80°C prior to use. 
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2.5.2 Reverse transcription 
 
Unstable RNA was reverse transcribed to the more stable cDNA for gene expression 

analysis using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher, 

Paisley, UK). 700 ng of RNA was added to 10 µl of a master mix of the kit’s components 

(Table 2.5) and made up to 20 µl with RNAse free water. Samples were then run in a 

GeneAmp® PCR System 2700 (ThermoFisher, Paisley, UK) thermocycler at the pre- 

optimised conditions: 25°C for 10 minutes, 37°C for 120 minutes and 85°C for 5 minutes 

followed by 4°C until removal of samples. The resulting cDNA was stored at -20°C prior 

to use. 

 
 
 
Table 2. 5: Volume of each component used per sample in reverse transcription 
master mix 

 

Kit component Quantity (µl) per sample 

10x RT buffer 2.0 

25x dNTP Mix 0.8 

10x RT Random Primers 2.0 

MultiscribeTM Reverse 

Transcriptase 

1.0 

RNAse free water 7.2 
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2.5.3 Quantitative real-time PCR (qPCR) 
 
Real-time PCR utilises a fluorogenic probe in combination with specific primers to quantify 

the presence of a gene of interest. The TaqMan probe consists of a fluorescent molecule 

at the 5’ end and a quencher which inhibits the fluorescent signal at the 3’ end. Briefly, 

once the double-stranded DNA has been denatured to a single-stranded DNA template 

during the first reaction of the PCR process, the annealing step can occur allowing the 

probe and primers to bind to the gene of interest. During extension, the Taq DNA 

polymerase synthesises a new strand of DNA. Once it reaches the probe, the polymerase 

will utilise its 5’ exonuclease activity to cleave the fluorescent dye, releasing it from the 

inhibitory action of the quencher (Fig 2.5). Real-time PCR detects the level of 

fluorescence, which is directly proportional to the amount of the gene of interest. The 

amount of cycles required for the fluorescent signal to surpass the threshold is known as 

the cycle threshold (CT) value. 
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Figure 2. 5: How Taqman real-time PCR works 
 
The Taqman probe consists of a quencher which inhibits the fluorescence of the dye. 
Upon binding to the gene of interest, DNA polymerase can cleave the dye from the 
quencher and a fluorescent signal is produced. 

 
 

 

For each gene of interest, a master mix was prepared consisting of 5 µl SensiFASTTM 

Probe Lo-ROX (Bioline, Nottingham, UK), 0.5 µl of the specific TaqMan Gene Expression 

Assay probe (Applied Biosystems, Warrington, UK) and 3.5 µl RNAse free water per 

sample. 9 µl of the master mix was added to each well of a 96 well plate, followed by 1 µl 

of cDNA. All samples were added in duplicate. For each gene, a no sample control was 

added to the plate containing master mix only. For each sample, the housekeeping gene 

18S was run as an internal control. The plate was sealed with a film, spun at 1200 rpm 

for 1 minute, and run on an ABI7500 qPCR machine (Applied Biosystems, Warrington, 

UK). The PCR program consisted of a pre-cycle step at 95°C for 10 minutes, followed by 

95°C for 15 secs and 60°C for 1 minute for a total of 40 cycles. CT values were obtained 

for each gene, duplicate values were averaged and normalised to 18S (gene of  interest 
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CT – 18S CT) which yielded a value referred to as a ΔCT value. ΔCT values were 

transformed using the equation 2-ΔCT x 1000 and expressed as arbitrary units (AU). 

 
 

2.6 ELISA analysis 
 
For analysis of proteins present in a sample, two types of assay were utilised; competitive 

enzyme immunoassays (EIA) and sandwich enzyme-linked immunosorbent assays 

(ELISA). To obtain serum from mice, blood was collected by cardiac puncture prior to 

cervical dislocation and allowed to clot for 30 minutes at room temperature. Blood 

samples were then centrifuged at 13,000 rpm for 30 minutes, after which serum could be 

aspirated and stored at -80°C prior to ELISA analysis. For samples obtained from cell 

culture experiments, media was collected from wells after the treatment period was over 

and stored at -80°C until required. All samples and standards were assayed in duplicate. 

 
 
 
2.6.1 Principles of a sandwich ELISA 

 
To detect the levels of a protein in a sample, a sandwich ELISA can be used. First, a 

capture antibody specific to the protein of interest is coated on to a microtiter plate. The 

sample is added, and any target protein present will bind to the capture antibody. After 

washing off unbound sample, a detection antibody specific to the target protein is added. 

The detection antibody is typically either bound to biotin or bound directly to the enzyme 

horseradish peroxidase (HRP). For biotin bound detection antibodies, the HRP is 

introduced in a separate step conjugated to streptavidin which will bind to the biotin. 

Finally, a colorimetric substrate for HRP (often tetramethylbenzidine [TMB] is used) can 

be added which will produce a coloured product proportional to the amount of target 
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protein present. The assay is stopped with the addition of an acid. The intensity of the 

colour produced can be compared to standards run alongside the samples, which contain 

a known concentration of target protein, and thus can be used to quantify sample protein 

concentrations (Fig 2.6). 

 

 

 

A detection Ab coated to the plate recognises the protein of interest. A capture Ab 
conjugated to biotin also binds the protein, which the streptavidin-HRP conjugate can 
attach to. Upon addition of substrate, HRP mediates a colour change. 

 
 
 
 
 

 

2.6.1.1 Mouse IL-6 ELISA 
 
To measure the levels of the pro-inflammatory cytokine IL-6 in serum samples isolated 

from mouse blood or in the media collected from conditioned media experiments, a 

Figure 2. 6: Principles of a sandwich ELISA 
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commercially available mIL-6 ELISA kit (R&D Systems, Abingdon, UK) was used. Serum 

samples were diluted 1:2 prior to being added to the plate, while media samples were 

added neat. The microtiter plate provided with the kit is pre-coated with a monoclonal 

capture antibody specific to mouse IL-6. 50 µl Assay Diluent was added alongside 50 µl 

of sample or standard. Extra Assay Diluent was added to two wells in place of sample to 

act as a blank control. Samples were allowed to incubate with the capture antibody for 2 

hours at room temperature. An adhesive strip was used to cover the plate during each 

incubation period. Wells were washed five times with the wash buffer provided and blotted 

against paper towels to dry. 100 µl of Mouse IL-6 Conjugate (polyclonal antibody specific 

for mIL-6 conjugated to HRP) was added to each well and incubated for 2 hours at room 

temperature. The wash step was repeated, following the addition of 100 µl of Substrate 

Solution (equal volumes of hydrogen peroxide and TMB). The TMB yields a blue colour 

when in contact with HRP. After a 30 minute incubation in the dark the reaction was 

stopped by the addition of Stop Solution (hydrochloric acid). The optical density (OD) was 

determined within 30 minutes using a VICTOR3 1420 Multilabel counter (PerkinElmer, 

Llantrisant, UK) plate reader set to 450 nm. An average of the OD values for the 

duplicates was calculated and the value recorded for the blank control was subtracted 

from each average value. Standards were plotted against their known concentrations and 

the equation generated from the line of best fit was used to calculate the concentration of 

the samples. Samples were multiplied by any dilution factors used. Concentrations were 

plotted as pg/ml. 



77  

2.6.2 Principles of a competitive EIA 
 
Another method often utilised to detect protein levels in a sample is the competitive EIA. 

A capture antibody specific to the protein of interest is coated onto a microtiter plate. 

Sample can then be added and the target protein will bind to the capture antibody. This 

is followed by the addition of the target protein conjugated to biotin. The biotin conjugated 

protein will compete with protein present in the sample to bind to the specific capture 

antibodies. Any unbound protein is washed away and streptavidin-conjugated HRP is 

introduced, which will bind to the biotinylated protein. Upon addition of a colorimetric 

substance (usually TMB), a colour change will occur in the presence of HRP. The reaction 

is stopped with the addition of an acid solution. A more intense colour change signifies 

more biotinylated protein bound to the capture antibody and thus less sample derived 

protein present. Colour intensity is therefore inversely proportional to the amount of target 

protein in the sample. This can be compared to standards of known concentration 

assayed alongside the sample, and target protein concentration can be calculated (Fig 

2.7). 
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Figure 2. 7: Principles of a competitive EIA 
 
The protein of interest binds to the capture Ab coated to the plate. Protein of interest 
with biotin attached is then added to compete for the Ab. Streptavdin-HRP conjugate 
binds the biotinylated protein and colour is produced when substrate comes in contact 
with HRP. 

 
 
 
 
 

2.6.2.1 Mouse P1NP EIA 
 
To detect systemic changes in bone formation in serum from mice, the Rat/Mouse P1NP 

EIA kit (ImmunoDiagnosticSystems, Tyne & Wear, UK) was used. The microtiter plate 

provided was pre-coated with a capture antibody specific to mouse P1NP. 50 µl of 

standard or control was added to the relevant wells of the plate. 5 µl of sample was added 

to each well alongside 45 µl of Sample Diluent, followed by 50 µl of P1NP Biotin. The 

plate was covered with an adhesive plate sealer and incubated at room temperature  for 

1 hour on a Titramax 100 microplate shaker (Heidolph, Schwabach, Germany) at 

approximately 500 rpm. The plate was washed twice with the wash buffer provided and 
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blotted against paper towels to dry. 150 µl of Enzyme Conjugate (HRP linked avidin) was 

added to each well and incubated at room temperature for 30 minutes. After repeating 

the wash step, 150 µl of TMB Substrate was added and this was incubated in the dark for 

a further 30 minutes at room temperature. 50 µl of Stop Solution (hydrochloric acid) was 

used to stop the reaction and the microtiter plate was read at 450 nm within 30 minutes 

of stopping. An average of the OD values for the duplicates was calculated and the value 

recorded for the blank control was subtracted from each average value. Values were 

multiplied by 10 to account for the sample dilution. Standards were plotted against their 

known concentrations and GraphPad Prism software was used to perform a non linear 

regression analysis to generate a standard curve and interpolate the unknown 

concentrations. Concentrations were expressed as ng/ml. 

 
 
 
2.6.2.2 Mouse corticosterone EIA 

 
Due to the fact that mice are nocturnal animals, their consumption of corticosterone water 

occurred predominantly at night during their active phase. Thus, to determine the levels 

of corticosterone in the serum, blood was collected between 11.00 p.m to 1.00 a.m. 

Serum was isolated as previously described in 2.6 and the Corticosterone Parameter 

Assay Kit (R&D Systems, Abingdon, UK) was utilised. Approximately 95% of 

corticosterone is bound by CBP which significantly reduces its bioavailability, thus this kit 

includes a Pretreatment E (trichloroacetic acid) which precipitates the bound 

corticosterone, allowing it to be removed from the assay. 50 µl of Pretreatment E was 

added to 50 µl of sample and incubated for 15 minutes at room temperature. After a 

centrifugation at 12,000 rpm for 4 minutes, the supernatant was decanted into a fresh 

tube whilst the precipitate was discarded. The supernatant was diluted 1:10 before  use. 
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50 µl of Corticosterone Primary Antibody solution was coated onto the plate and 

incubated for 1 hour at room temperature, covered with an adhesive plate sealer. The 

plate was gently shaken on a microplate reader at approximately 500 rpm during the 

incubation period. The plate was washed four times using the wash buffer provided and 

dried by blotting on paper towels. 100 µl of Pretreatment F (buffer) and 50 µl sample, 

standard or Calibrator Diluent were added to the wells followed by 50 µl Corticosterone 

Conjugate. The plate was covered and incubated for 2 hours at room temperature with 

gentle shaking. The plate was washed as before and 200 µl of Substrate Solution was 

added. After a 30 minute incubation in the dark at room temperature, 100 µl Stop Solution 

was added and the plate was read on a plate reader set to 450 nm within 30 minutes. 

Protein concentration was calculated as described in 2.6.2.1 and expressed as ng/ml. 

 
 
 
2.6.3 Mouse CTX-1 EIA 

 
CTX-1 is the C-terminal telopeptide released into the blood upon degradation of type 1 

collagen, thus it is often used as a serum marker of bone resorption. To measure CTX-1 

in serum isolated from the mice, the RatLapsTM (CTX-1) EIA kit 

(ImmunoDiagnosticSystems, Tyne & Wear, UK) was used. 

 
 
 
2.6.3.1 Principle 

 
Although the CTX-1 EIA kit is a competitive assay and follows a similar concept as 

described with the previous competitive EIAs, the specifics of the assay are slightly 

different. As opposed to the capture antibody being coated onto the microtiter plate, in 

this case the plate is coated with streptavidin. A biotinylated target protein can then be 
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added, which will in turn bind the streptavidin. The sample is then added alongside the 

capture antibody specific for the target protein. Target protein in the sample and 

biotinylated target protein will compete for binding with the capture antibody. Sample 

derived target protein bound to antibody will not be attached to the plate and thus will be 

washed off. A detection antibody (anti-IgG) conjugated to HRP is added which binds to 

the capture antibody and any excess unbound antibody is washed off. When the TMB is 

added, a colour change will occur depending on the amount of HRP-conjugated 

antibodies still present in the well. This colour change is therefore inversely proportional 

to the amount of target protein in the sample (Fig 2.8). 

 
 

 

 

Figure 2. 8: Principle of the CTX-1 EIA 
 

Streptavidin coated on the plate binds to biotinylated target protein. Detection Ab is 
added following the addition of sample, allowing sample protein and biotinylated 
protein to compete for Ab binding. Unbound Ab-protein complexes are washed away. 
A detection Ab conjugated to HRP recognises the capture Ab and produces a colour 
change on addition of substrate. 
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2.6.3.2 Method 
 
100 µl of Biotinylated RatLaps antigen is added into a microtiter plate which had been 

pre-coated with streptavidin. The plate was covered with an adhesive strip and incubated 

for 30 minutes at room temperature. All wells were washed five times with the wash 

solution provided and blotted on absorbent paper to dry. 20 µl of each standard, sample 

or control was pipetted onto the plate, followed by 100 µl of Primary Antibody. This was 

covered and incubated overnight at 4°C. After repeating the wash step, 100 µl of 

Peroxidase conjugated anti-IgG was added to each well. Following a 1 hour incubation at 

room temperature, the plate was washed and 100 µl of Substrate Solution was applied to 

each well. The plate was incubated for a final 30 minutes at room temperature in the dark 

prior to the addition of 100 µl Stop Solution (sulfuric acid). Absorbance was measured on 

a plate reader at 450 nm within 30 minutes and protein concentration was calculated as 

previously described in 2.6.2.1. Concentrations were expressed as ng/ml. 

 
 
 
2.7 11β-HSD1 enzyme activity assay 

 
The enzymatic activity of 11β-HSD1 was determined by quantifying the amount of 3H-11- 

DHC converted to 3H-corticosterone using thin layer chromatography (TLC). TLC uses a 

mobile phase and a stationary phase to separate compounds based on their solubility. 

The stationary phase is the absorbent material that the TLC plate is composed of (typically 

silica) while the mobile phase is the solvent in the tank the plates are ran in (in this case, 

chloroform and ethanol). If a compound is more soluble in water, it will move slower up 

the plate as it favours the stationary phase, whereas less water-soluble compounds will 

move further up the plate with the mobile phase. The amount of 3H-substrate can be 
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quantified using a BioScanner which detects the amount of radiation present in a sample, 

allowing the calculation of the percent of GC conversion during the assay. 

 
 
 
2.7.1 Steroid treatment 

 
For ex vivo tissue biopsies, tissues were excised and placed in glass tubes with 500 µl 

serum free DMEM and 2 µl 3H-11-DHC alongside 0.5 µl of the relevant cold steroid. This 

was incubated at 37°C for 3 hours. After the incubation, samples were frozen at -20°C 

until required. For cell assays, cells were plated on a 12 well plate and allowed to become 

confluent. Once confluent, media was replaced with 1 ml serum free DMEM containing 4 

µl 3H-11-DHC and 1 µl cold steroid and incubated at 37°C for 3 hours. Media could then 

be moved to glass tubes and frozen at -20°C until required. 

 
 
 
2.7.2 Thin layer chromatography 

 
In order to quantify GC conversion rates samples were defrosted and TLC was 

performed. Tissue samples were weighed prior to assay. To extract the steroids from the 

media, 5 ml dichloromethane is added to each tube and the solution is vortexed before 

being centrifuged at 1500 rpm for 15 minutes. This separates the solution into an aqueous 

phase (the media) and an organic phase (the dichloromethane which contains the 

steroids). The aqueous phase is aspirated and the dichloromethane is evaporated on a 

Dri-Block® Heater DB100/3 (Techne, Staffordshire, UK) at 50°C with continuous air flow. 

The steroids can then be resuspended in 70 µl dichloromethane, vortexed and spotted 

onto a silica TLC plate (Sigma, Gillingham, UK) using a glass Pasteur pipette (VWR, 

Lutterworth, UK). 3H-steroid controls were also spotted alongside the samples. The plate 
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is run in a tank containing 184 ml chloroform and 16 ml ethanol for 90 minutes, which 

allows the steroids to be separated based on their molecular makeup. The plate is then 

run on a AR-2000 bioscanner (Bioscan, Oxford, UK) to determine the radioactivity of each 

sample. Percentage steroid conversion was calculated using the counts from both 

inactive and active steroid peaks (Fig 2.9). From this the conversion rate could be 

calculated as follows: 

Conversion rate = %conversion x (S/T) x (1/P) 

 
In which S = steroid substrate concentration (pmol), T = time (hours), and P = protein 

concentration (for cells) or weight (for tissues) (mg). Activity was expressed as picomoles 

of steroid converted per mg of protein per hour (pmol/mg/hr). 

 

A  B 
 
 

 

(A) 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. 9: Representative images of steroid peaks 

A. Peaks representing human steroids, cortisol (F) and cortisone (E). B. Peaks 
representing murine steroids, corticosterone (B) and 11-DHC (A). 

Cortisone (E) 

Cortisol (F) 

11-DHC 
Corticosterone (B) 
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2.7.3 Protein concentration assay 
 
A DCTM Protein Assay kit (BioRad, Watford, UK) was used to determine the protein 

concentration in cell cultures used for 11β-HSD1 conversion assays. Once media was 

removed for TLC analysis, RNase free water was pipetted into each well and plates were 

stored at -20°C until required. Protein standards were prepared by dissolving bovine 

serum albumin (BSA) (Sigma, Gillingham, UK) in water at varying concentrations (2 

mg/ml, 1.5 mg/ml, 1 mg/ml, 0.5 mg/ml and pure water). Wells containing samples were 

scraped and 5 µl of each was removed and pipetted onto a 96 well plate alongside 5 µl 

of each standard. To prepare a working solution of Reagent A*, 20 µl of Reagent S was 

added per 1 ml of Reagent A. 25 µl Reagent A* and 200 µl Reagent B was then added to 

each sample or standard and incubated at room temperature for 15 minutes. This 

produces a colorimetric response which correlates to the concentration of protein present 

in the sample. Absorbance was read at 750 nm on a plate reader. Concentrations were 

calculated by plotting the absorbance values of the protein standards and obtaining an 

equation from the trendline. This equation was applied to the values measured from the 

samples and results were multiplied by the dilution factor from the volume of RNAse free 

water initially added to the sample. 

 
 
 
2.7.4 Production of 3H-11-DHC 

 
In-house generation of 3H-11-DHC by conversion of 3H-corticosterone was performed 

using mouse placenta as a source of the GC-inactivating enzyme 11β-HSD2. Around 0.5 

– 1 g of placenta was harvested from mice and homogenised in 2 ml potassium chloride 

solution (0.154 M). Tissue homogenate was centrifuged at 1500 rpm for 10 minutes at 

4°C.  The  supernatant  was  aliquoted  and  stored  at  -80°C  until  required.  50  µl  of 
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homogenised placenta was then added to 380 µl of potassium phosphate buffer (0.1 M, 

pH 7.6) with 20 µl of 3H-corticosterone and 50 µl of NAD (10 mM) in a glass tube. Tubes 

were incubated at 37°C for 3 hours in a shaking water bath. The steroids could then be 

extracted, and TLC was performed as described previously (section 2.7.2) with cold 11- 

DHC and corticosterone standards also added to the TLC plate for reference. The plate 

could then be scanned under UV light to determine the position of 3H-11-DHC. Once 

established, the silica containing the 3H-11-DHC was scraped into a glass tube with 1 ml 

ethanol at 4°C overnight to elute the steroid. The steroid was separated from the silica by 

centrifugation at 2500 rpm for 5 minutes. 5 µl of the resulting supernatant containing 3H- 

11-DHC was spotted onto a TLC plate and ran on the bioscanner to determine the 

radioactivity. The solution could be diluted in ethanol to give a radioactivity of 1000 

counts/µl. The resulting 3H-11-DHC solution was stored in a fresh glass tube at -20°C 

when not in use. 

 
 
 
2.8 Histology 

 
Tissues were dissected and fixed in 4% formalin before being stored in 70% ethanol at 

4°C. Elbows were decalcified in EDTA (0.5 M) prior to embedding. All histology was 

performed on paraffin embedded sections cut and processed courtesy of the Department 

of Musculoskeletal Pathology at the Royal Orthopaedic Hospital (ROH). After staining, 

all sections were stored in the dark to avoid bleaching of stain. 
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2.8.1 Pannus analysis 
 
Haematoxylin and Eosin (H&E) staining of sections was carried out by the Department of 

Musculoskeletal Pathology at the ROH. Briefly, liver and elbow joint sections were 

dewaxed in two changes of xylene (2x 5 minutes) before being rehydrated through graded 

alcohol concentrations (100%, 100%, 95%, 70%). Sections were then washed in running 

tap water before being immersed in Mayer’s Haematoxylin solution for 1 minute to stain 

the nuclei of cells, followed by a wash in running tap water. Upon addition of the alkaline 

solution Scott’s tap water substitute, the nuclei will turn a blue colour. Following a further 

wash in running tap water, sections were stained in eosin solution for 2 minutes, which 

stains the cytoplasm pink. After a final wash in running tap water, sections were 

dehydrated through graded alcohol concentrations (70%, 95%, 100%, 100%) and cleared 

in xylene (2x 5 minutes). DPX was used to mount the slides. To quantify the degree of 

pannus invasion in the elbow joints, ImageJ software was used. Using the freehand 

selection tool a line was drawn around the pannus and the area was measured. This was 

then repeated to get the total area of the joint. Pannus invasion was calculated as the 

ratio of pannus area to total area and expressed as arbitrary units (AU). 

 
 
 
2.8.2 TRAP staining of osteoclasts 

 
TRAP is a commonly used histochemical marker to stain for the presence of osteoclasts. 

In order to visualise osteoclasts in the pannus of elbow joints, the sections were first 

dewaxed in two changes of xylene for 5 minutes each and rehydrated through decreasing 

concentrations of alcohol (100%, 100%, 90% and 70%) for 1 minute each. After a 

thorough wash in distilled water, sections were incubated in pre-warmed TRAP staining 

solution consisting of TRAP buffer (pH4.7-5.0, Table 2.6), Fast Red Violet LB Salt (0.5 
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mg/ml), and Naphthol AS-MX phosphate substrate mix (0.5 ml per 100 ml buffer, Table 

2.7) at 37°C for 2 hours. Sections were rinsed in distilled water and dehydrated quickly 

through increasing concentrations of alcohol (70%, 90% and 100%) for no more than 5 

seconds each. Sections were cleared in xylene for 1 minute before being mounted using 

Immu-Mount (ThermoScientific, Pittsburgh, USA) aqueous mounting medium. 

Osteoclasts can then be visualised under a microscope stained red. Osteoclast numbers 

at the head of the joint were counted and an average was taken amongst the different 

genotypes. 

 
 
 
Table 2. 6: Components used to make up 1L TRAP buffer 

 

TRAP buffer components Amount per litre 

Sodium Acetate Anhydrous 9.2 g 

L+ Tartaric Acid 11.4 g 

Glacial Acetic Acid 2.8 ml 

Distilled water 997 ml 

 

 
Table 2. 7: Components used to make up 1ml Naphthol AS-MX phosphate substrate 
mix 

 

Naphthol AS-MX Phosphate Substrate Mix Amount per ml 

Naphthol AS-MX phosphate 20 mg 

Ethylene glycol monoethyl ether 1 ml 
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2.8.3 Safranin O staining of cartilage 
 
Safranin O is a stain which binds proteoglycans and thus can be used to detect articular 

depletion of collagen in tissues. Elbow sections were first dewaxed in two changes of 

xylene for 5 minutes each and rehydrated in decreasing alcohol concentrations; two 

changes of 100% alcohol for 3 minutes each, followed by 3 minutes in 95% and 2 minutes 

in 70%. Sections were rinsed in running water before being counterstained with Lillie 

Mayer’s Haematoxylin (Sigma, Gillingham, UK) for 1 minute to stain nuclei present in the 

tissue. Excess haematoxylin was washed off in running water. Sections were then 

counterstained in 0.02% Fast Green (FCF) solution (Sigma, Gillingham, UK) for 3 minutes 

to stain the surrounding bones. After a quick rinse in 1% acetic acid solution (10 – 30 

seconds), sections were incubated in 0.1% Safranin O solution (Sigma, Gillingham) for 5 

minutes. Sections were then rinsed in running water to remove excess stain and 

dehydrated through increasing concentrations of alcohol, specifically 2 minutes in 70%, 

and two changes in 100% for 3 minutes each. Finally, sections were cleared in two 

changes of xylene (5 minutes each) prior to mounting in DPX (Sigma, Gillingham, UK). 

Cartilage was stained red, with the intensity of the staining being proportional to the 

amount of proteoglycan present in the cartilage. Analysis of cartilage stain was performed 

using ImageJ software. To determine the total cartilage volume of the joint, the freehand 

selection tool was used to draw around the total area of the joint and the cartilage area 

(Fig 2.10 A and B, respectively). Area measurements from these regions of interest were 

used to calculate the percentage of cartilage area in relation to the total area. An area of 

cartilage beside the neck of the joint was selected for proteoglycan content 

measurements, collected by calculating the percentage of intense stain (Fig 2.10 E) to 
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Figure 2. 10: Representative images of safranin O analysis of cartilage 

total stain area (Fig 2.10 D), and proteoglycan loss measurements by calculating the 

percentage of unstained cartilage (Fig 2.10 F) to total cartilage area. 

 

 

 
Area of interest drawn around A. total joint area and B. cartilage area. C. the area of 
cartilage selected for analysis with areas of interest drawn on for D. total cartilage 
area, E. area of intense stain and F. area of stain loss. 
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2.8.4 Static histomorphometry 
 
Static histomorphometry was carried out by the skelet.AL Skeletal Analysis Laboratories 

(Sheffield, UK). In brief, spines were dissected from mice post mortem and fixed in 4% 

formalin before being stored in 70% ethanol at 4°C prior to use. Lumbar 3 and 4 were 

decalcified in EDTA and paraffin embedded. A Leica Microsystems microtome (Leica 

Microsystems, Milton Keynes, UK) was used to cut 3 µm sections of the vertebrae, which 

were then stained for the presence of the osteoblasts and osteoclasts with either H&E or 

TRAP and counterstained with Gill’s haematoxylin. The Osteomeasure analysis software 

(Osteometrics, Decatur, GA, USA) was used to measure the number of osteoblasts and 

osteoclasts per millimetre on 6.5 mm of the corticoendosteal surfaces, beginning 0.25 

mm from the growth plate. 
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2.9 Statistical analysis 
 
All statistical analysis was performed using GraphPad Prism software (GraphPad, San 

Diego, USA). All variables were tested for a gaussian distribution and shown to be 

normally distributed using a Shapiro-Wilk test. To compare between both treatment 

groups and mouse genotypes a two-way ANOVA was used with a Tukey post hoc 

analysis. One-way ANOVA with a Tukey’s test was used to test for significance between 

different treatment groups in cell culture experiments when more than two groups were 

present. When only two treatment groups were being compared an unpaired student t 

test was conducted. All cell culture experiments had an n=3 and mouse experiments n=6 

unless otherwise stated. When the n number was less than 3, statistical analysis was not 

performed due to the small sample size. * denotes P≤0.05, ** denotes P≤0.01 and *** 

denotes P≤0.001. 
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Chapter 3: Examining the interaction 

between GCs, inflammation and the 

bone 

Sections of the literature review from this chapter have been previously published (2). 

Data from this chapter have been previously published (281). 
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3.1 Introduction 
 
Chronic inflammatory polyarthritis is characterised by progressive destruction of the joint, 

leading to deformity and disability. In addition to the juxta-articular problems associated 

with chronic inflammatory polyarthritis, systemic inflammation also results in extra- 

articular complications such as osteoporosis. A longitudinal study showed that at a two 

year follow up, RA patients had decreased BMD of 0.64%, 0.77% and 0.29% in the 

femoral neck, hip and spine, respectively (285). However, the contribution of disease to 

bone loss is often confounded by the heterogenicity of treatment regimes in patients. 

 
 
 
3.1.1 The interaction of GCs with inflammation and bone 

 
The impact of GC treatment on the bone in patients with chronic inflammation can be 

difficult to separate from the effects of inflammatory bone loss due to the anti-anabolic, 

catabolic action of GCs on bone metabolism (286). Glucocorticoids induce osteoblast 

apoptosis and decrease their differentiation, whilst simultaneously increasing the 

RANKL/OPG ratio favouring osteoclast maturation and activation (see section 1.5.5) 

(235, 287, 288). The mechanisms of inflammatory bone loss (reviewed in greater detail 

in section 1.5.7) are mediated by the influence of pro-inflammatory cytokines on the 

activity of osteoclasts and, to a lesser extent, osteoblasts (252-255, 260). However, GCs 

potently suppress the production of pro-inflammatory cytokines via the inhibition of 

transcription factors such as NF-κB and AP-1 (124). Therefore, GCs can have both 

detrimental actions on the bone by inducing GIO, but also beneficial actions by 

suppressing inflammatory bone loss (Fig 3.1). Currently, whether the beneficial effects 

outweigh the negative, or vice versa, is poorly understood. 
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Figure 3. 1: Effects of inflammation and GC therapy on bone remodelling 
 

During inflammation, elevated levels of pro-inflammatory cytokines, such as TNF-α and 
IL-6, inhibit the differentiation of bone forming osteoblasts from their precursors. These 
cytokines, along with other pro-inflammatory mediators including IL-1, IL-17 and IL-8, 
also upregulate the expression of RANKL which binds to RANK on pre-osteoclasts and 
triggers their differentiation into mature bone resorbing osteoclasts. Overall, bone 
formation is decreased while bone resorption is increased leading to a net loss of bone. 
Although GCs suppress inflammation via suppression of pro-inflammatory factors and 
induction of anti-inflammatory mediators, they can also independently drive bone loss 
by inhibiting differentiation and inducing apoptosis of osteoblasts whilst increasing 
osteoclast differentiation by stimulating expression of RANKL and decreasing its decoy 
receptor OPG. 

 
 
 
 
 

3.1.2 Clinical studies examining the effects of inflammation and GCs on the bone 

Several clinical studies have explored the balance between the beneficial and detrimental 

effects of GCs on the bone during chronic inflammation, with varying outcomes reported. 

Güler et al identified no differences in BMD loss in RA patients treated with high dose 
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GCs for one year compared to other therapies, such as anti-TNF treatment (5). Similarly, 

Sambrook et al showed that low dose GC therapy in RA did not increase the risk of 

generalised osteoporosis at the spine and hip (289, 290). Interestingly, Wijbrandts et al 

reported that patients receiving GCs in combination with anti-TNF therapy had a 2.5% 

increase in BMD at the femoral neck compared to a 0.7% decrease in BMD in those using 

anti-TNF alone (291). Taken together, these results suggest that controlling inflammation 

with GCs may prevent the progression of inflammatory bone loss in RA patients. In 

contrast, studies by Pereira et al and Varonos et al reported opposing results in juvenile 

chronic arthritis (JCA) and found that GC treated patients had significantly less trabecular 

bone and higher risk of vertebral collapse (292, 293). One of these studies revealed that 

the patients who developed sustained vertebral fractures received a 2.3 times higher dose 

of daily GCs than those who did not. In addition, vertebral collapse only occurred after a 

cumulative dose of at least 5 g of prednisolone was administered, suggesting that the 

effects of GCs on the bone depend upon the dose received (293). Further studies found 

that GC use was associated with decreased BMD in patients with RA (285, 294). The 

conflicting results obtained from these studies may stem from a variety of issues. These 

include differences in severity of inflammation between individuals, differences in disease 

duration, variations in delivery and dose of GC therapy, and concomitant use of DMARDs. 

To help address these confounding factors, we utilised the TNF-tg mouse model of 

chronic inflammatory arthritis to establish the effect of GCs on the bone during chronic 

inflammation. 
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3.2 Hypothesis 
 
The therapeutic anti-inflammatory actions of GCs will outweigh their catabolic effects on 

the bone during chronic inflammation. 
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3.3 Materials and Methods 
 
3.3.1 Animal experiments 

 
TNF-tg animals were bred as previously mentioned in section 2.1.1. An initial dose 

response experiment was set up in TNF-tg animals using 50 mg/L or 100 mg/L 

corticosterone (Cort) drinking water to determine the optimum GC treatment for 

inflammatory suppression. For the main experiments, four-week old WT and TNF-tg mice 

were treated with 100 mg/L corticosterone drinking water for three weeks, during which 

time clinical and arthritic paw scores were evaluated as described in section 2.1.4. 

Following the treatment period, mice were culled by cervical dislocation following 

exsanguination by cardiac puncture and tissues were fixed and stored as previously 

mentioned (section 2.1.4). Adrenals were excised and weighed. 

 
 
 
3.3.2 Micro-CT analysis 

 
Formalin fixed tibias and front paws were stored in 70% ethanol prior to being scanned 

on a Skyscanner 1172 (Bruker Micro-CT, Belgium) (see section 2.2). Tibias were 

analysed as described in section 2.2.1, whilst front paws were analysed according to 

section 2.2.2. 

 
 
 
3.3.3 ELISA analysis 

 
Blood was isolated from mice by cardiac puncture and allowed to clot for 30 minutes at 

room temperature. For serum corticosterone analysis 150 µl of 200 mg/L corticosterone 

was administered to mice via oral gavage 20 minutes before cardiac puncture in order to 

reduce variability due to the rapid excretion of GCs in the urine. 20 minutes was chosen 
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as an appropriate time before corticosterone levels started to decline according to 

Supplementary Fig 1. Serum was separated by centrifuging at 13,000 rpm for 30 minutes 

and aspirated into a fresh tube to be stored at -80°C until required. Serum levels of 

corticosterone, IL-6, P1NP and CTX-1 were assessed by ELISA assays as outlined in 

sections 2.6.2.2, 2.6.1.1, 2.6.2.1 and 2.6.3.2, respectively. 

 
 
 
3.3.4 Gene expression analysis 

 
Tibias were excised post mortem and homogenised in a pestle and mortar using liquid 

nitrogen. RNA was isolated using the innuPREP RNA Mini Kit 2.0 (AnalytikJena, Jena, 

Germany) as described in section 2.5.1. RNA purity and concentration was assessed 

using a NanoDropTM 1000 Spectrophotometer (ThermoFisher, Paisley, UK) and 700 ng 

RNA was used for the synthesis of cDNA with the High-Capacity cDNA Reverse 

Transcription Kit (ThermoFisher, Paisley, UK) as outlined in section 2.5.2. Quantitative 

real time PCR was utilised to measure the expression of genes in the tibias from different 

mouse groups (see section 2.5.3) using the Taqman probes listed in Supplementary 

Table 1 (Applied Biosystems). 

 
 
 
3.3.5 Histological staining 

 
Livers and front paws for histology were formalin fixed following dissection and stored in 

70% ethanol at 4°C. Front paws required decalcification in EDTA (0.5 M) prior to 

embedding. Samples were embedded and cut courtesy of the Department of 

Musculoskeletal Pathology at the Royal Orthopaedic Hospital. Haematoxylin and Eosin 

(H&E)  staining  of  sections  was  carried  out  by  the  Department  of   Musculoskeletal 
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Pathology at the ROH as described in section 2.8.1. Pannus invasion into the joint was 

measured using ImageJ software (see section 2.8.1). The presence of osteoclasts in the 

joint was detected using TRAP staining solution (section 2.8.2) and the degree of cartilage 

degradation was assessed using safranin O proteoglycan staining (section 2.8.3). 

 
 
 
3.3.6 Statistical analysis 

 
GraphPad Prism software (GraphPad, San Diego, USA) was used to determine statistical 

significance. Two-way ANOVA analysis was used with a Tukey post hoc analysis to 

compare between treatment groups and genotypes unless otherwise stated in the figure 

legend. N numbers are recorded in the relevant figure legend. Statistical significance was 

determined as P≤0.05. * denotes P≤0.05, ** denotes P≤0.01 and *** denotes P≤0.001. 
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3.4  Results 
 
3.4.1   GCs suppress inflammation in the TNF-tg mouse 

 
In order to determine the appropriate dose necessary for the GC corticosterone to 

suppress inflammation, TNF-tg mice received oral delivery in drinking water at 50 mg/L 

or 100 mg/L for three weeks, during which time clinical and arthritic paw scores were 

assessed. Whilst TNF-tg animals treated with 50 mg/L corticosterone showed no 

difference in either clinical or arthritic paw scores when compared to untreated animals, 

those treated with 100 mg/L had significant decreases in both scoring parameters. 

Consequently, corticosterone at 100 mg/L was chosen for further experiments (Fig 3.2). 
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Figure 3. 2: Disease activity with varying doses of GC treatment 

(A) Clinical and (B) arthritic paw scores (AU) in TNF-tg mice treated with either 50 
mg/L (n=4) or 100 mg/L (n=4) corticosterone drinking water for three weeks compared 
to untreated TNF-tg (n=5). Scoring data is presented as mean ± SEM and statistical 
significance was determined using one-way ANOVA with Tukey’s multiple 
comparisons test (** denotes P≤0.01). 

 
 
 
 
 
 

In addition to suppressing inflammation, oral delivery of corticosterone at 100 mg/L was 

sufficient to potently induce parameters characteristic of therapeutic GC use. Namely, 

serum corticosterone levels were significantly higher (Fig 3.3 A), adrenal weights were 

suppressed (Fig 3.3 B), mRNA expression of Gilz was induced (Fig 3.3 C), and liver 

histology revealed higher adiposity (Fig 3.3 D) in animals receiving oral corticosterone 

compared to their untreated counterparts. 
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Figure 3. 3: Corticosterone treatment induces parameters characteristic of GC 
use in WT and TNF-tg animals 

(A) Serum corticosterone levels (ng/ml) in WT and TNF-tg mice following oral gavage 
with 150 µl 200 mg/L corticosterone (n=3 per group) determined by ELISA analysis. 
(B) Adrenal weights (mg) in WT (n=6) and TNF-tg (n=5) animals treated with control 
or 100 mg/L corticosterone WT (n=8) and TNF-tg (n=13) in the drinking water for three 
weeks. (C) mRNA expression of Gilz (AU) in control (n=6 per group) and 100 mg/L 
corticosterone treated (n=5 per group) WT and TNF-tg tibias. (D) Representative 
images of H&E stains of WT and TNF-tg livers treated with control or 100 mg/L 
corticosterone in the drinking water for three weeks. Data is presented as mean ± SEM 
and statistical significance was determined using two-way ANOVA with Tukey’s 
multiple comparisons test (* denotes P≤0.05, ** denotes P≤0.01 and *** denotes 
P≤0.001). 

 
 
 
 
 

Having established 100 mg/L as an effective dose to suppress inflammation, we fully 

assessed their anti-inflammatory properties at this dose relative to animals receiving 
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vehicle control. WT and TNF-tg animals were treated with 100 mg/L corticosterone or 

vehicle for three weeks and clinical and arthritic paw scores were recorded. TNF-tg 

animals exhibited significant swelling and deformity of the paws compared to WT animals. 

At 53 days a significant decrease in both clinical and arthritic paw scores was observed 

between untreated and TNF-tg animals receiving oral corticosterone treatment (Clinical 

scores: TNF-tg 6.33 AU ± 0.5 vs TNF-tg Cort 3.60 AU ± 0.9, P≤0.001; Arthritic paw scores: 

TNF-tg 7.17 AU ± 0.8 vs TNF-tg  Cort 2.20 AU ± 0.8, P≤0.0001)  (Fig 3.4). 

 

Figure 3. 4: GCs potently suppress markers of disease activity in TNF-tg animals 

(A) Clinical scores and (B) arthritic paw scores (AU) of WT and TNF-tg mice receiving 
vehicle control or 100 mg/L corticosterone in the drinking water for three weeks (n=6 
per group). Data is presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Tukey’s multiple comparisons test (*** 
denotes P≤0.001). 

 
 
 
The mRNA expression levels of both mTNF and hTNF were also examined. A non- 

significant increase in mTNF levels was observed in untreated TNF-tg mice, accompanied 

by a trend towards decreased levels in TNF-tg animals receiving oral corticosterone (Fig 
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3.5 A). The changes observed in hTNF levels appeared more robust, with a significant 

increase in untreated TNF-tg animals compared to WT mice, and a significant decrease 

in TNF-tg animals receiving oral corticosterone relative to untreated controls (TNF-tg 

0.00007 AU ± 0.00001 vs TNF-tg Cort 0.00002 AU ± 0.00001, P≤0.0001) (Fig 3.5 B). 

Serum levels of IL-6 showed a significantly higher amount of the pro-inflammatory 

cytokine in untreated TNF-tg animals compared to WT controls, which was no longer 

apparent in the TNF-tg mice receiving oral corticosterone (TNF-tg 5.46 ng/ml ± 1.5 vs 

TNF-tg Cort -2.77 ng/ml ± 0.3, P≤0.001) (Fig 3.5 C). Gene expression levels of il1 were 

suppressed to a similar extent in both WT animals and TNF-tg animals receiving oral 

corticosterone compared to their untreated counterparts (Fig 3.5 D). 
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Figure 3. 5: GCs suppress pro-inflammatory cytokines in TNF-tg mice 

Gene expression analysis (AU) of (A) mTnf, (B) hTNF and (D) il1 in tibias from WT and 
TNF-tg animals treated with vehicle or 100 mg/L corticosterone water for three weeks 
(n=6 per group) determined by qPCR. (C) ELISA analysis of serum IL-6 (ng/ml) in WT 
(n=6) and TNF-tg (n=5) animals receiving vehicle or 100 mg/L corticosterone WT (n=6) 
and TNF-tg (n=6) in drinking water for three weeks. Data is presented as mean ± SEM 
and statistical significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (** denotes P≤0.01, *** denotes P≤0.001). 

 
 
 

Collectively, these data indicate that the treatment regime is sufficient to effectively 

reduce disease parameters and pro-inflammatory mediators in the TNF-tg model of 

inflammatory arthritis. 
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3.4.2 Effects of GCs on joint erosion and synovitis 
 
For a more in-depth analysis of the interaction between GCs and inflammation at the joint, 

front paws were excised post mortem following GC treatment for µCT and histological 

analysis. Micro-CT analysis of front paws showed a significant increase in bone erosions 

in untreated TNF-tg animals compared to WT animals (WT 0.93 AU ± 0.4 vs TNF-tg 13.56 

AU ± 1.6, P≤0.0001), indicative of inflammatory bone loss. Following GC treatment TNF- 

tg mice exhibited a significant decrease in bone erosions compared to their untreated 

controls (TNF-tg 13.56 AU ± 1.6 vs TNF-tg 5.19 AU ± 1.9, P≤0.0001) (Fig 3.6). 
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Figure 3. 6: Analysis of bone erosions in WT and TNF-tg animals treated with 
GCs 

(A) Quantification of degree of bone erosions (AU) by micro-CT analysis in WT (n=7) 
and TNF-tg (n=8) animals receiving vehicle control or 100 mg/L corticosterone WT 
(n=6) and TNF-tg (n=8) in drinking water for three weeks. (B) Representative images 
of reconstructed front paw micro-CT scans. Arrows indicate bone erosions. Data is 
presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Tukey’s multiple comparisons test (*** denotes P≤0.001). 

 
 
 

For a more in depth analysis of the mechanism behind the reduction in juxta-articular joint 

erosions, histological analysis of elbow joints was performed. First, the degree of pannus 

invasion relative to the total joint area was measured. As predicted a significantly higher 

degree of pannus invasion was reported in untreated TNF-tg mice compared to WT 
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animals (WT 0.007 AU ± 0.004 vs TNF-tg 0.146 AU ± 0.03, P≤0.0001), and this was 

dramatically suppressed upon GC treatment (TNF-tg 0.146 AU ± 0.03 vs TNF-tg Cort 

0.021 AU ± 0.01, P≤0.001) (Fig 3.7). 

 

 

Figure 3. 7: Analysis of pannus formation in WT and TNF-tg animals receiving 
GCs 

(A) ImageJ analysis of pannus invasion (AU) in the elbow joints of WT and TNF-tg mice 
receiving vehicle or corticosterone drinking water for three weeks (n=6 per group). (B) 
Representative images of H&E stained elbow sections of vehicle and 100 mg/L 
corticosterone treated WT and TNF-tg animals. Pannus invasion is highlighted in 
yellow. Data is presented as mean ± SEM and statistical significance was determined 
using two-way ANOVA with Tukey’s multiple comparisons test (*** denotes P≤0.001). 

 
 
 
 
 
 

Gene expression levels of pro-inflammatory chemokines were also assessed in TNF-tg 

mice. Ccl2, which is associated with the recruitment of monocytes and macrophages, was 

potently upregulated in TNF-tg animals compared to WT controls (WT 0.0003 AU ± 

0.00009 vs TNF-tg 0.0024 ± 0.0004, P≤0.001). This upregulation was significantly 

repressed upon treatment with corticosterone (TNF-tg 0.0024 AU ± 0.0004 vs TNF-tg 

Cort 0.0004 AU ± 0.0001, P≤0.001), to levels comparable to WT animals (Fig 3.8 A). An 
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additional monocyte/macrophage chemokine Cxcl10 was also significantly 

downregulated in response to GC treatment, in both the WT and TNF-tg groups compared 

to untreated controls (TNF-tg 0.0009 AU ± 0.0002 vs TNF-tg Cort 0.0002 AU ± 0.00002, 

P≤0.001) (Fig 3.8 B). Cxcl2, a chemokine secreted by macrophages which recruits 

neutrophils, showed similar trends to Ccl2, with an increase in untreated TNF-tg animals 

compared to WT and a decrease in TNF-tg animals receiving oral corticosterone 

compared to untreated TNF-tg mice (Fig 3.8 C). These data suggest that the decreased 

synovitis present in animals receiving oral corticosterone may be in part mediated by a 

reduction in pro-inflammatory chemokine expression and a subsequent suppression of 

inflammatory cell infiltration into the joint. 
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Figure 3. 8: GCs suppress pro-inflammatory chemokines in TNF-tg mice 

 

 
 
 

Gene expression analysis (AU) of (A) Ccl2, (B) Cxcl10 and (C) Cxcl2 determined by 
quantitative PCR in tibias from WT (n=4) and TNF-tg (n=6) mice receiving vehicle 
control or 100 mg/L corticosterone WT (n=5) and TNF-tg (n=6) in drinking water for 
three weeks. Data is presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Tukey’s multiple comparisons test (* denotes 
P≤0.05, *** denotes P≤0.001). 

 
 
 
 

Parallel to results examining synovitis, osteoclast numbers at the joint exhibited a similar 

pattern, with increased osteoclast numbers in untreated TNF-tg animals compared to WT 

mice, and a dramatic reduction in osteoclast numbers in GC treated TNF-tg animals 

compared to their untreated counterparts (TNF-tg 18 AU ± 3.1 vs TNF-tg Cort 1.5 AU ± 
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0.3, P≤0.001) (Fig 3.9). Taken together, these data indicate a protective effect of 

exogenous GC treatment on juxta-articular erosions during chronic inflammation. 

 

 

Figure 3. 9: Osteoclast counts at the elbow joints of WT and TNF-tg animals 
receiving GCs 

(A) Osteoclast numbers (AU) at the head of the elbow joints in WT (n=3) and TNF-tg 
(n=5) mice receiving vehicle or 100 mg/L corticosterone WT (n=3) and TNF-tg (n=4) in 
drinking water for three weeks determined by TRAP stains. (B) Representative images 
of TRAP stains in vehicle and 100 mg/L corticosterone treated WT and TNF-tg animals 
with osteoclasts stained red. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple comparisons 
test (*** denotes P≤0.001). 

 
 
 
 

 
After investigating the juxta-articular bone phenotype associated with GC treatment in 

chronic inflammation, examination of the surrounding joint cartilage was performed. 

Histological analysis of the cartilage with safranin O stain revealed a trend towards 

decreased total cartilage area in TNF-tg mice compared to the WT group. Although 

inflammation appeared to reduce the total cartilage area of the joint, corticosterone 

treatment seemed to have no effect in either WT or TNF-tg animals (Fig 3.10 B). Safranin 

O staining intensity is directionally proportional to the proteoglycan content of cartilage 
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(295). Thus, stain intensity was analysed to assess the proportion of proteoglycan-rich 

areas of the joint by calculating intense stain as a percentage of the total cartilage area. 

WT animals receiving oral corticosterone showed a significant decrease in intense stain 

compared to untreated WT animals, indicating that GC treatment has a negative effect 

on the production of proteoglycan-rich areas of cartilage. Untreated TNF-tg animals also 

showed a significant decrease in intense staining areas which suggests that inflammation 

also has a negative impact on proteoglycan content. Interestingly, corticosterone 

treatment of TNF-tg animals did not produce a protective effect on proteoglycan content, 

with TNF-tg mice receiving oral corticosterone showing no significant difference in intense 

stain relative to untreated TNF-tg mice (Fig 3.10 C). Proteoglycan loss was also 

measured by analysing the areas of total loss of stain compared to total cartilage area. 

WT animals treated with GCs and untreated TNF-tg animals both showed a trend towards 

increased areas of proteoglycan loss when compared to WT controls, reinforcing the idea 

that both GCs and inflammation have a negative impact on proteoglycan levels. Again, 

TNF-tg animals receiving oral corticosterone showed no protection from proteoglycan 

loss when compared to untreated controls (Fig 3.10 D). Overall, these results indicate 

that contrary to the protective effect of GC treatment on juxta-articular bone loss in chronic 

inflammation, GCs do not rescue the destructive effects of inflammation on the cartilage 

in the TNF-tg mouse model. 



114  

 

 
 

Figure 3. 10: Analysis of the interaction between GCs and inflammation on the 
cartilage. 

(A) Representative images of safranin O stained cartilage in the elbows of vehicle and 
three weeks of 100 mg/L corticosterone treated WT and TNF-tg animals. (B) Total 
cartilage area (%) relative to the head of the joint, (C) stain intensity (%) relative to total 
stain and (D) proteoglycan loss (%) relative to total cartilage in WT (n=5) and TNF-tg 
(n=6) animals receiving vehicle or 100 mg/L corticosterone WT (n=6) and TNF-tg (n=5) 
in drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple comparisons 
test (* denotes P≤0.05, *** denotes P≤0.001). 
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3.4.3 Effects of GCs on systemic bone 
 
Inflammatory arthritis is not just associated with juxta-articular bone loss, but also 

systemic bone loss at sites distant to inflammation (4). Thus, tibias were excised post 

mortem from mice following GC treatment and micro-CT was performed to assess 

trabecular bone parameters. Analysis of bone volume relative to total volume of the 

trabecular compartment of the tibia revealed a significantly lower percentage of trabecular 

bone in the tibias of untreated TNF-tg animals compared to WT controls, characteristic of 

inflammatory bone loss. Interestingly, GC treatment in TNF-tg animals resulted in an 

abrogation of this reduction in bone loss (TNF-tg 2.19% ± 0.2 vs TNF-tg Cort 4.25% ± 

0.2, P≤0.001) (Fig 3.11 B). In regards to trabecular thickness, untreated TNF-tg animals 

again exhibited a significant reduction in this parameter relative to untreated WT animals. 

However, GC treatment in TNF-tg mice did not rescue this effect and trabecular thickness 

remained at a level comparable to untreated TNF-tg mice (Fig 3.11 C). Trabecular 

number followed a similar pattern to that of the bone volume measurements, with 

untreated TNF-tg animals having significantly lower numbers of trabeculae compared to 

WT controls, and GC treatment of TNF-tg mice significantly abrogated this decrease 

(TNF-tg 0.0004 1/µm ± 0.00004 vs TNF-tg Cort 0.0008 1/µm ±  0.00003, P≤0.001) (Fig 

3.11 D). Analysis of trabecular separation showed no significant changes (Fig 3.11 E). 
 
Corticosterone treatment did not induce any changes in bone parameters of WT animals 

after a three week treatment period. These data indicate that GCs have a partial protective 

effect on systemic bone during chronic inflammation, with increases in bone volume being 

reflective of increased trabecular number. 
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Figure 3. 11: Systemic bone parameters in WT and TNF-tg animals receiving 
GCs. 

(A) Representative images of reconstructed trabecular bone from tibia scans of WT 
and TNF-tg animals treated for three weeks with vehicle or 100 mg/L corticosterone 
drinking water. Micro-CT analysis of (B) bone volume (%) relative to total volume, (C) 
trabecular thickness (µm), (D) trabecular number (1/µm) and (E) trabecular 
separation (µm) of WT (n=8) and TNF-tg (n=6) animals receiving vehicle or 100 mg/L 
corticosterone WT (n=6) and TNF-tg (n=6) in drinking water for three weeks. Data is 
presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, ** denotes P≤0.01 
and *** denotes P≤0.001). 
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Serum was isolated and RNA was extracted from tibias for further analysis of bone 

formation and resorption markers in WT and TNF-tg animals receiving corticosterone 

treatment. ELISA analysis of the bone formation marker P1NP in the serum of mice 

demonstrated that whilst untreated TNF-tg animals had significantly lower levels in 

relation to untreated WT animals, both groups receiving oral corticosterone had a similar 

level of suppression of P1NP (WT 494.2 ng/ml ± 61.1 vs WT CORT 31.4 ng/ml ± 7.4, 

P≤0.001; TNF 269.7 ng/ml ± 38.4 vs TNF-tg CORT 32.3 ng/ml ± 4.2, P≤0.001) (Fig 3.12 

A). Gene expression of mature osteoblast markers Bglap and Alpl showed a similar 

pattern. Gene expression levels of Bglap showed a trend towards reduction in untreated 

TNF-tg animals and were significantly reduced in both WT animals and TNF-tg animals 

receiving oral corticosterone compared to their relevant controls, with no significant 

difference between the corticosterone treatment groups (Fig 3.12 B). Alpl levels were 

significantly reduced in untreated TNF-tg animals compared to WT controls, and WT 

animals receiving oral corticosterone had dramatically reduced Alpl levels compared to 

controls. No significant difference was noted between untreated TNF-tg animals and TNF- 

tg animals receiving oral corticosterone, however this is likely due to the marked 

suppressions in untreated TNF-tg mice already present. Animals administered oral 

corticosterone had similar levels of Alpl suppression in both WT and TNF-tg groups (Fig 

3.12 C). Subsequently, expression of genes relating to osteoblast differentiation were 

examined. Analysis of the major transcription factor associated with osteoblast 

differentiation Runx2 and the negative regulator of osteoblast differentiation Dkk1 showed 

no significant differences amongst the groups (Fig 3.12 D-E). Analysis of the negative 

regulator of osteoblast differentiation Sost showed a significant upregulation in TNF-tg 

animals receiving oral corticosterone compared to untreated TNF-tg animals Fig 3.12 F). 
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However, this was not significantly different from WT controls. Together these data 

suggest that GC suppress numbers of mature osteoblasts and bone formation by 

osteoblasts. Changes in markers of differentiation remained unchanged, suggesting that 

this is not mediated by reduced maturation. Despite this, the negative action of GCs on 

osteoblasts does not appear to mediate bone loss over three weeks in this model. 
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Figure 3. 12: Osteoblast markers in WT and TNF-tg animals receiving GCs. 

(A) ELISA analysis of serum P1NP (ng/ml) (n=6 per group) and gene expression 
analysis (AU) determined by qPCR of (B) Bglap, (C) Alpl, (D) Runx2, (E) Dkk1 and 
(F) Sost in tibias from WT (n=6) and TNF-tg (n=6) mice receiving vehicle or 100 mg/L 
corticosterone WT (n=5) and TNF-tg (n=6) in drinking water for three weeks. Data is 
presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, ** denotes P≤0.01 
and *** denotes P≤0.001). 
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To examine the impact of GCs on bone resorption, serum and mRNA analysis of 

osteoclast markers was performed. Serum levels of the osteoclast resorption marker 

CTX-1 were analysed and showed a non-significant increase in untreated TNF-tg animals 

compared to WT mice, which was significantly abrogated in TNF-tg animals treated with 

oral corticosterone (TNF-tg 81.6 ng/ml ± 10.7 vs TNF-tg Cort 36.0 ng/ml ± 2.7, P≤0.01) 

(Fig 3.13 A). The gene expression levels of the osteoclast marker Ctsk showed no 

differences between groups (Fig 3.13 B). The ratio of the inducer of osteoclast activation 

RANKL (Tnfsf11) to its decoy receptor OPG (Tnfrsf11b) was assessed due to their well- 

established roles in regulating osteoclast differentiation and activity. Both WT animals and 

TNF-tg animals treated with corticosterone showed a significant increase in the 

RANKL/OPG ratio compared to untreated WT controls (Fig 3.13 C). Gene expression 

levels of Csf1 a factor essential for the differentiation and survival of osteoclasts, 

remained unchanged between groups (Fig 3.13 D). These data suggest that GCs exert 

their protective effects on the bone via a suppression of osteoclast resorption activity. 

However, this does not seem to be dependent on RANKL/OPG mediated differentiation 

of osteoclasts. 
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Figure 3. 13: Osteoclast markers in WT and TNF-tg animals receiving GCs. 

(A) ELISA analysis of serum CTX-1 (ng/ml) in WT (n=5) and TNF-tg (n=6) animals 
receiving vehicle or 100 mg/L corticosterone WT (n=5) and TNF-tg (n=6) in drinking 
water for three weeks. Gene expression analysis (AU) determined by qPCR of (B) 
Ctsk, (C) the Rankl/Opg ratio and (D) Csf1 in tibias of WT (n=6) and TNF-tg (n=6) 
mice receiving vehicle or 100 mg/L corticosterone WT (n=5) and TNF-tg (n=6) in 
drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (* denotes P≤0.05, ** denotes P≤0.01). 
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3.5  Discussion 
 
Chronic inflammation and GC use independently drive systemic bone loss (285, 286). 

However, GCs are also often used in the treatment of chronic inflammatory diseases due 

to their potent immunosuppressant properties to suppress the detrimental actions of 

inflammation on the bone (124). Clinical studies remain inconclusive as to the overall 

outcome of GC treatment on the bone during inflammation. Thus, we utilised the TNF-tg 

model of chronic inflammatory polyarthritis with exogenous oral GC administration to 

examine the net effects of GCs on the bone during inflammation. The TNF-tg model 

exhibits a disease progression similar to that of human RA and develops substantial local 

juxta-articular and systemic inflammatory bone loss, making it an effective in vivo model 

for studying the effects of GCs on the bone in the context of inflammation (157). 

In order to determine the dose required to obtain effective suppression of disease 

parameters, a dose response experiment was set up in which TNF-tg animals were 

treated with 50 mg/L or 100 mg/L corticosterone in the drinking water and clinical and 

arthritic paw scores were assessed to monitor the progression of the disease. Whilst the 

50 mg/L treatment group showed no change in disease scores compared to untreated 

controls, 100 mg/L resulted in significant declines in both disease scores (Fig 3.2). Upon 

further examination of this dose, 100 mg/L induced significant adrenal atrophy and 

hepatic steatosis, which are characteristic of GC use (Fig 3.3 B & D) (296). 100 mg/L 

corticosterone also potently upregulated the classical GC-responsive and anti- 

inflammatory gene Gilz in both groups (Fig 3.3 C). Additionally, both WT and TNF-tg 

animals had increased levels of serum corticosterone in corticosterone treatment groups 

(Fig 3.3 A). Thus, these data suggest that the effects of 100 mg/L corticosterone in the 

drinking water appears to closely resemble those of pharmacological GC interventions, 
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in terms of reductions in clinical disease parameters and development of systemic 

adverse effects. A previous study has shown that corticosterone administration via the 

drinking water results in a consistent diurnal variation which closely resembles that of 

clinical GC treatment. Additionally, this method is non-invasive and prevents unnecessary 

stress of animals, which would otherwise lead to an undesirable stress response that 

would skew the results (297). The drawback of this approach is the inability to administer 

a specific amount of treatment. However, all mice in the present study exhibited features 

of GC use (Fig 3.3), thus it can be concluded that they received an appropriate dose. 

Once an appropriate dose was chosen, WT and TNF-tg animals were treated with 100 

mg/L corticosterone drinking water for three weeks. This resulted in a significant decrease 

in disease activity in terms of clinical and arthritic paw scores (Fig 3.4). Consistent with 

this, significant reductions in the pro-inflammatory cytokines TNFα, IL-6 and IL-1 were 

observed in TNF-tg animals receiving oral corticosterone (Fig 3.5). Thus, this treatment 

regime was able to achieve the potent suppression of inflammation which is a well- 

established GC action (124, 159). 

The TNF-tg mouse developed the characteristic juxta-articular destruction associated 

with chronic inflammatory arthritis, in terms of prevalent bone erosions, florid synovitis 

leading to pannus formation and invasion into the subchondral bone, and cartilage 

damage (Fig 3.6, 3.7 & 3.10). Cartilage volume and proteoglycan content was not 

improved with corticosterone treatment (Fig 3.10), however bone erosions and synovitis 

were almost completely reversed to baseline upon treatment with GCs (Fig 3.6 & 3.7). 

Furthermore, GC treatment led to a dramatic decrease in pro-inflammatory chemokines 

CCL2, CXCL10 and CXCL2 (Fig 3.8). These cytokines have previously been shown to 

be  significantly elevated  in the synovium and  synovial fluid of RA  patients   (298-300). 
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Injection of CCL2 into the joints of rabbits induces infiltration of macrophages to the site 

and inhibition of CCL2 in antigen-induced arthritis reduced joint inflammation, bone 

erosions and monocyte migration, thus CCL2 is highly implicated as an important 

mediator of immune cell infiltration into the joint during chronic inflammatory arthritis (298, 

301). The expression of CCL2 and CXCL10 at the joint leads to the recruitment of 

monocytes and macrophages, whilst CXCL2 induces the migration of neutrophils (298- 

300). This infiltration of immune cells leads to synovitis, characterised as synovial 

hyperplasia and pannus formation, in the joints of RA patients and thus the suppression 

of these chemokines in the TNF-tg mouse upon GC treatment is likely to explain the 

reduction in pannus invasion observed here. 

Once in the synovium, the high levels of pro-inflammatory cytokines and RANKL can 

induce the differentiation of the infiltrating monocytes into osteoclasts which drive bone 

destruction (302). The TNF-tg mouse had a significantly higher number of osteoclasts in 

the pannus of the joints in this study. This was dramatically suppressed upon GC 

treatment (Fig 3.9). Additionally, serum CTX-1, a marker of osteoclast activity, was also 

significantly suppressed upon GC treatment (Fig 3.13 A). These decreases in osteoclast 

number and activity likely mediate the protection against both juxta-articular and systemic 

bone loss observed in TNF-tg animals treated with oral corticosterone (Fig 3.6 & 3.11). 

RANKL has been shown to be increased in tissues from RA patients compared to healthy 

controls, and it is the expression of this osteoclast differentiation factor that has been 

implicated in the development of bone erosions in inflammatory disease (303). However, 

in this study the RANKL/OPG ratio showed no increase in the TNF-tg animals compared 

to WT mice (Fig 3.13 C). In contrast, the RANKL/OPG ratio was increased upon GC 

treatment, despite the decrease in osteoclast number observed. Previous studies have 
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shown that TNFα in combination with M-CSF can induce osteoclastogenesis via a 

RANKL-independent mechanism (304-306). M-CSF (Csf1) levels did not change in this 

study (Fig 3.13 D), however potent suppression of TNFα was observed upon GC 

treatment (Fig 3.5 B). An additional study has demonstrated the ability to prevent the 

development of inflammatory induced local and systemic bone loss by controlling 

inflammation, thus it is likely that the protection against bone loss upon GC treatment is 

mediated directly by the downregulation of pro-inflammatory cytokines (Fig 3.5) (265). 

Moreover, gene expression levels of the osteoclast activity marker cathepsin K (Ctsk) did 

not change amongst the groups (Fig 3.13 B). 

Inflammatory induced systemic bone loss was only partially protected against by GC 

therapy, with percentage bone volume and trabecular number being rescued to 

approximately WT levels, whilst trabecular thickness remained significantly lower than 

controls (Fig 3.11). A potential explanation for this is that thickness of trabeculae may 

depend more on osteoblast activity than osteoclasts. Both RA and GCs have been shown 

to independently decrease osteoblast markers (307, 308). In keeping with this, TNF-tg 

animals had significant decreases in serum P1NP, a marker of osteoblast activity, and 

the mature osteoblast markers osteocalcin (Bglap) and alklaline phosphatase (Alpl) 

compared to WT animals (Fig 3.12 A-C). However, GC treatment exacerbated the 

reduction of these osteoblast markers to comparable levels between WT and TNF-tg 

groups. This dramatic suppression of osteoblast activity may impact on the ability to build 

up the thickness of trabeculae. Factors which influence osteoblast differentiation, such as 

the master transcription factor Runx2 and the wnt inhibitors sclerostin (Sost) and Dkk1, 

remained largely unchanged indicating a reduction in functionality of osteoblasts or an 

increase in osteoblast apoptosis as opposed to an inhibition of differentiation. The pro- 
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apoptotic nature of both TNFα and therapeutic GCs has been previously reported (237, 

261). Further research could utilise apoptosis assays such as TUNEL staining to test for 

this. 

In conclusion, GC treatment in the TNF-tg model of chronic inflammatory arthritis revealed 

that GCs had an overall beneficial effect on both local and systemic bone despite potent 

suppression of osteoblast markers. This beneficial effect appeared to be mediated by the 

suppression of pro-inflammatory cytokine induced osteoclast differentiation and activity. 

In collaboration with the Goodyear lab, we have identified that TNFα-stimulated primary 

osteoclast cultures suppressed osteoclast numbers and resorption of calcified matrix in 

response to treatment with cortisol which supports this hypothesis (309). Currently, RA 

patients are often administered bone sparing agents which inhibit the actions of 

osteoclasts, such as bisphosphonates or denosumab, alongside GC treatment to reduce 

potential side effects on the bone (19, 310). Overall, our research suggests the use of 

therapies which stimulate the anabolic actions of osteoblasts on bone would be more 

important to be administered in combination with GC therapy. Further research is needed 

to establish whether the finding that GCs have a net positive effect on the bone still holds 

true with varying doses and durations of treatment. 
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Chapter 4: Investigating the role of 

11β-HSD1 metabolism in GC-induced 

osteoporosis 

Data from this chapter have been previously published (311). 
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4.1 Introduction 
 
GCs are highly effective at suppressing inflammation, therefore synthetic GCs such as 

dexamethasone, prednisolone and hydrocortisone are often given therapeutically to treat 

inflammatory diseases. A community based cross-sectional study found that 

approximately 0.5% of 65,786 patients were currently prescribed oral GC therapy for at 

least three months, with that figure increasing to 1.4% in patients over 55 years of age. 

Among the various reasons for GC administration, rheumatoid arthritis was the disease 

most frequently prescribed GCs (accounting for 23% of GC users) (312). Unfortunately, 

despite the potent anti-inflammatory effects of therapeutic GCs, their use is limited by the 

occurrence of adverse metabolic effects, such as GC-induced osteoporosis (GIO), 

muscle wasting, skin thinning, hepatic steatosis and insulin resistance (313). In particular, 

therapeutic GCs have detrimental effects on bone, through the suppression of anabolic 

bone formation as a result of increased osteoblast apoptosis and decreased 

differentiation (237). The mechanisms behind GIO have been discussed in further detail 

in section 1.5.5. BMD measurements of the lumbar spine and hips of patients receiving 

GC treatment were found to be approximately 10% lower than that of aged matched 

controls (21). Additionally, fracture risk was significantly greater in GC treated patients, 

with a 33% and 61% increase in the rate of nonvertebral and hip fractures, respectively. 

Vertebral fractures were of particular concern, with the risk increasing over 2-fold in 

patients receiving GC treatment compared to age matched controls (314). Thus, 

preventing the development of GIO is crucial in optimising GC therapy. 
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4.1.1 11β-HSD1 expression in bone cells 
 
As previously mentioned in section 1.4.4, one study by Morgan et al used 11β-HSD1 KO 

mice treated with corticosterone to show that activation of GCs at the local tissue level by 

11β-HSD1 was responsible for many of the metabolic side effects associated with GC 

excess, including muscle wasting, hepatic steatosis, glucose intolerance, hypertension 

and increased adiposity (70). However, the contribution of 11β-HSD1 to GIO had not been 

investigated in this study. 

Previously, glucocorticoid activation by 11β-HSD1 was shown to be present in human ex 

vivo bone chips (71). Immunohistochemical analysis of bone sections confirmed that 11β- 

HSD1 was present in the cytoplasm of bone cells, predominantly expressed in the 

osteoblasts, with lower expression in osteoclasts and variable expression in osteocytes. 

In contrast, 11β-HSD2 was not present in osteoclasts and osteocytes, and only low levels 

were detected in osteoblasts (71). A separate study investigated the link between activity 

of 11β-HSD1 and susceptibility to changes in bone remodelling in response to GCs. 

Volunteers were treated for one week with 5 mg oral prednisolone twice daily before 

analysis of the bone formation markers osteocalcin and P1NP. Although decreases in 

bone formation markers were observed in all subjects, those with higher 11β-HSD1 

activity, determined by urinary metabolite measures, showed substantially greater 

reductions in these parameters. Therefore, it was concluded that 11β-HSD1 activity could 

predict the sensitivity of the bone to therapeutic GCs. Furthermore, subjects with higher 

11β-HSD1 activity did not have higher levels of circulating prednisolone, thus it was 

suggested that local 11β-HSD1 activity within osteoblasts determines the magnitude of 

response to GCs in terms of bone formation markers, as opposed to systemic 11β-HSD1 

activity. Thus, this study proposed that this information could be used to formulate bone- 
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sparing GC therapies (315). Moreover, another study used primary human osteoblasts to 

show that 11β-HSD1 reductase activity was positively correlated with age of the donor 

and was significantly increased by treatment with prednisone (352). Thus, 11β-HSD1 

activity within osteoblasts has been shown to increase with age and in response to pro- 

inflammatory cytokines, which may explain the increased susceptibility to bone loss in 

aged patients and those with chronic inflammatory conditions (154). Therefore, 11β- 

HSD1 activity appears to play an important role in mediating the detrimental effects of 

GCs on the bone. 

 
 
 
4.2 Hypothesis 

 
11β-HSD1 metabolism of GCs is necessary to mediate glucocorticoid-induced 

osteoporosis. 
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4.3 Materials and Methods 
 
4.3.1 Animal experiments 

 
Global (11βKO), mesenchymal-specific (Twist2) and myeloid-specific (LysM) 11β-HSD1 

mice were bred as previously described in sections 2.1.2 and 2.1.3. Animals were treated 

with 100 mg/L corticosterone water for either three or four weeks. At seven weeks, mice 

were culled by cervical dislocation following exsanguination by cardiac puncture and 

tissues were fixed and stored as previously outlined (section 2.1.4). Adrenals were 

excised and weighed. 

 
 
 
4.3.2 Micro-CT analysis 

 
Tibias and spines were fixed in formalin and stored in 70% ethanol prior to being scanned 

on a Skyscanner 1172 (Bruker Micro-CT, Belgium) (see section 2.2). Tibias and spines 

were analysed according to section 2.2.2. A further analysis of the spine was performed 

on ImageJ software as described in section 2.2.3. 

 
 
 
4.3.3 ELISA analysis 

 
Following cardiac puncture, blood was allowed to clot for 30 minutes at room temperature 

before being centrifuged at 13,000 rpm for 30 minutes. Serum was aspirated and stored 

at -80°C prior to use. For serum corticosterone analysis, cardiac puncture was performed 

between 11.00 p.m to 1.00 a.m during the active phase of the animals when they will be 

consuming most corticosterone water. Serum levels of corticosterone, P1NP and CTX-1 

were analysed by ELISA as previously described in sections 2.6.2.2, 2.6.2.1 and 2.6.3.2, 

respectively. 
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4.3.4 Gene expression analysis 
 
Tibias were isolated and homogenised with liquid nitrogen in a pestle and mortar before 

extracting RNA using the innuPREP RNA Mini Kit 2.0 (AnalytikJena, Jena, Germany) as 

described in section 2.5.1. The yield of RNA was measured using a NanoDropTM 1000 

Spectrophotometer (ThermoFisher, Paisley, UK) and cDNA was synthesised from 700 ng 

RNA using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher, Paisley, 

UK) as outlined in section 2.5.2. Gene expression levels in the tibias were measured 

using quantitative real time PCR (see section 2.5.3) using the Taqman probes listed in 

Supplementary Table 1 (Applied Biosystems). 

 
 
 
4.3.5 H&E staining 

 
Livers were extracted post mortem and formalin fixed before being stored in 70% ethanol 

at 4°C. Samples were embedded, cut and H&E stained courtesy of the Department of 

Musculoskeletal Pathology at the Royal Orthopaedic Hospital (as described in section 

2.8.1). 

 
 
 
4.3.6 Static histomorphometry 

 
Spines were formalin fixed and stored in 70% ethanol at 4°C prior to use. 

Histomorphometry of the spine was carried out by the skelet.AL Skeletal Analysis 

Laboratories (Sheffield, UK) as outlined in section 2.8.4. 
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4.3.7 Statistical analysis 
 
GraphPad Prism software (GraphPad, San Diego, USA) was used to determine statistical 

significance. Two-way ANOVA analysis was used with a Tukey post hoc analysis to 

compare between treatment groups and genotypes unless otherwise stated in the figure 

legend. When only two treatment groups were being compared an unpaired student t test 

was conducted. N numbers are recorded in the relevant figure legend. Statistical 

significance was determined as P≤0.05. * denotes P≤0.05, ** denotes P≤0.01 and *** 

denotes P≤0.001. 
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4.4 Results 
 
4.4.1 Characterisation of the global 11βKO mouse phenotype 

 
To establish the response to oral GCs in mice lacking 11β-HSD1, characteristic features 

of GC excess were assessed. 100 mg/L corticosterone treatment was sufficient to 

potently induce parameters characteristic of therapeutic GC use. Significant adrenal 

atrophy occurred in both WT and 11βKO animals (Fig 4.1 A). Whilst liver histology of WT 

animals receiving oral corticosterone revealed lipid deposition, this was not apparent in 

11βKO GC treated animals (Fig 4.1 B). Gene expression levels of the GC-responsive 

gene Gilz was induced in both groups administered corticosterone treatment, although to 

a lesser extent in 11βKO mice (Fig 4.1 C). Serum corticosterone levels were significantly 

higher in animals receiving corticosterone treatment compared to their untreated 

counterparts (Fig 4.1 D). In addition, ex vivo osteoblast cultures isolated from 11βKO mice 

had significantly lower activity of 11β-HSD1, confirming the efficient disruption of this 

enzyme (Fig 4.1 E). 
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Figure 4. 1: Characterisation of GC response in WT and 11βKO animals 

(A) Adrenal weights (mg) of WT (n=6) and 11βKO (n=9) animals receiving vehicle 
control or 100 mg/L corticosterone WT (n=8) and 11βKO (n=9) in the drinking water 
for three weeks. (B) Representative images of untreated and three weeks of 100 mg/L 
corticosterone drinking water treated H&E stains of WT and 11βKO livers. (C) qPCR 
analysis of mRNA expression of Gilz (AU) in tibias of mice receiving vehicle WT (n=6) 
and 11βKO (n=6) or 100 mg/L oral corticosterone WT (n=5) and 11βKO (n=6) for 
three weeks. (D) Serum corticosterone levels (ng/ml) determined by ELISA in WT and 
11βKO mice following three weeks of oral 100 mg/L corticosterone treatment (n=3 
per group, n=5 11βKO Cort). (E) 11β-HSD1 activity (pmol/mg/hour) in osteoblasts 
isolated from WT and 11βKO mice (n=5 per group) determined by TLC. Data is 
presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Tukey’s multiple comparisons test and unpaired t test (* denotes P≤0.05, 
** denotes P≤0.01 and *** denotes P≤0.001). 
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4.4.2 11βKO mice are protected from GC-induced trabecular bone loss 
 
In order to investigate the contribution of 11β-HSD1 to GIO, WT and 11βKO animals were 

treated with corticosterone drinking water, after which their tibias were excised and micro- 

CT analysis was performed. Bone loss was measured after three and four weeks of 

corticosterone treatment. Whilst no significant changes in WT trabecular bone parameters 

were reported at three weeks (Supplementary Fig 2), significant reductions were apparent 

at four weeks (Fig 4.2). Analysis of the percentage of bone volume to total volume of the 

inner space of the bone revealed that WT animals receiving oral corticosterone developed 

significant reductions in bone volume compared to untreated WT animals (WT 8.54% ± 

0.7 vs WT Cort 4.12% ± 0.4, P≤0.001). In contrast, a significant protection from GC 

induced bone loss was apparent in 11βKO mice treated with oral corticosterone relative 

to WT mice (WT Cort 4.12% ± 0.4 vs 11βKO Cort 7.16% ± 0.7, P≤0.05) (Fig 4.2 B). 

However, measurement of trabecular thickness showed significant decreases in both 

groups receiving oral corticosterone compared to their relative controls (Fig 4.2 C). WT 

animals receiving oral corticosterone demonstrated significantly less trabeculae 

compared to their untreated counterparts (WT 0.0009 1/µm ± 0.00004 vs WT Cort 0.0006 

1/µm ± 0.00004, P≤0.01), whilst 11βKO mice treated with corticosterone showed a 

marked protection against this decrease, again with 11βKO numbers being significantly 

higher than WT numbers in corticosterone treatment groups (WT Cort 0.0006 1/µm ± 

0.00004 vs 11βKO Cort 0.0009 1/µm ± 0.00008, P≤0.01) (Fig 4.2 D). Trabecular 

separation analysis reflected these results with significantly more separation between the 

trabeculae in WT animals receiving oral corticosterone compared to control (WT 664.96 

µm ± 26.3 vs WT Cort 959.05 µm ± 41.1, P≤0.01), which was abrogated in 11βKO groups 

(Fig 4.2 E). Taken together, these data indicate that 100 mg/L corticosterone treatment 
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for four weeks is sufficient to induce GIO in WT animals, however 11βKO animals appear 

to be partially protected from this effect. Additionally, the protection in bone volume 

appears to be reflective of a protection against a loss of trabecular number rather than a 

loss of trabecular thickness. 
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Figure 4. 2: Trabecular bone parameters of tibias from WT and 11βKO animals 
after four weeks corticosterone treatment 

(A) Representative images of reconstructed trabecular bone from tibia scans of WT 
and 11βKO animals receiving vehicle control or 100 mg/L corticosterone in the drinking 
water for four weeks. Micro-CT analysis of (B) bone volume (%) relative to total 
volume, (C) trabecular thickness (µm), (D) trabecular number (1/µm) and trabecular 
separation (µm) of WT and 11βKO animals receiving vehicle control or 100 mg/L 
corticosterone in the drinking water for four weeks (n=6 per group). Data is presented 
as mean ± SEM and statistical significance was determined using two-way ANOVA 
with Tukey’s multiple comparisons test (* denotes P≤0.05, ** denotes P≤0.01 and *** 
denotes P≤0.001). 
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4.4.3 11βKO animals are partially protected against GC-induced changes at the 

spine 

GIO also affects the vertebral bones of the spine, with the relative risk of vertebral 

fractures significantly increasing in patients using GCs (21). In order to examine the 

contribution of 11β-HSD1 metabolism to bone loss at the vertebrae, spines were 

dissected from seven-week old mice post mortem following three week corticosterone 

treatment, and micro-CT analysis was performed on the vertebral body of lumbar 6. 

Modest changes in bone parameters were observed in WT corticosterone treated 

animals. Bone volume in WT mice receiving oral corticosterone was decreased compared 

to untreated 11βKO animals, however this decrease did not reach significance when 

compared to untreated WT animals (Fig 4.3 B). Trabeculae were significantly thinner in 

WT GC treated animals compared to their untreated counterparts (WT 92.3 µm ± 2.4 vs 

WT Cort 83.1 µm ± 2.6, P≤0.01), whilst no differences were observed in 11βKO GC 

treated mice relative to controls (Fig 4.3 C). No changes were observed in trabecular 

number or trabecular separation parameters amongst the groups (Fig 4.3 D-E). 
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Figure 4. 3: Bone parameters from lumbar 6 of GC treated WT and 11βKO animals 

(A) Representative images of reconstructed lumbar vertebrae of WT and 11βKO 
animals receiving vehicle control or 100 mg/L corticosterone in the drinking water for 
three weeks. Micro-CT analysis of (B) bone volume (%) relative to total volume, (C) 
trabecular thickness (µm), (D) trabecular number (1/µm) and trabecular separation 
(µm) of WT (n=6) and 11βKO (n=6) animals receiving control or 100 mg/L 
corticosterone WT (n=6) and 11βKO (n=5) in the drinking water for three weeks. Data 
is presented as mean ± SEM and statistical significance was determined using two- 
way ANOVA with Tukey’s multiple comparisons test (** denotes P≤0.01) 
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ImageJ analysis of lumbar 6 was also performed to further assess the phenotype of 

11βKO animals receiving oral corticosterone. WT corticosterone treated animals had 

significantly less cortical area compared to untreated WT mice (WT 0.68 mm2 ± 0.1 vs 

WT Cort 0.44 mm2 ± 0.06, P≤0.001), whilst 11βKO animals receiving oral corticosterone 

were protected from this decrease (Fig 4.4 B). Both periosteal and endosteal perimeters 

of GC treated WT animals were significantly smaller than their relative controls (periosteal 

perimeter: WT 7.2 mm ± 0.17 vs WT Cort 6.38 mm ± 0.17, P≤0.001; endosteal perimeter: 

WT 6.38 mm ± 0.14 vs WT Cort 5.75 mm ± 0.11, P≤0.01), suggesting an overall smaller 

vertebra in the WT group administered corticosterone. Again, GC treated 11βKO animals 

were resistant to this effect (Fig 4.4 C-D). 
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Figure 4. 4: ImageJ analysis of GC treated WT and 11βKO spines 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) Representative images of lumbar vertebrae of WT and 11βKO animals receiving 
vehicle control or 100 mg/L corticosterone in the drinking water for three weeks. 
ImageJ analysis of (B) cortical area (mm2), (C) periosteal perimeter (mm), and (D) 
endosteal perimeter (mm) of WT (n=6) and 11βKO (n=6) animals receiving control or 
100 mg/L corticosterone WT (n=6) and 11βKO (n=5) in the drinking water for three 
weeks. Data is presented as mean ± SEM and statistical significance was determined 
using two-way ANOVA with Tukey’s multiple comparisons test (** denotes P≤0.01, *** 
denotes P≤0.001) 
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4.4.4 11βKO animals are protected from GC induced suppression of bone 

formation markers 

To examine the mechanisms driving 11β-HSD1 mediated bone loss at the onset of GIO, 

osteoblast markers were assessed in the serum and tibia mRNA of three week GC treated 

WT and 11βKO mice. Serum levels of the bone formation marker P1NP were significantly 

reduced in WT animals treated with GCs compared to untreated. GC treated 11βKO 

animals also showed a significant reduction in P1NP levels compared to untreated 

controls, however there was a trend towards increased P1NP levels in GC treated 11βKO 

mice compared to GC treated WT mice (WT 494.2 ng/ml ± 61.1 vs WT Cort 31.3 ng/ml ± 

7.4, P≤0.001; 11βKO 405.7 ng/ml ± 58.4 vs 11βKO Cort 158.6 ng/ml ± 53.1, P≤0.05) (Fig 

4.5 A). Expression levels of genes relating to mature osteoblasts Bglap and Alpl were 

analysed from mRNA extracted from the tibias of mice. Bglap showed a dramatic 

suppression in GC treated WT animals compared to their untreated counterparts (WT 

0.64 AU ± 0.08 vs WT Cort 0.02 AU ± 0.01, P≤0.001). However, there was no significant 

difference in Bglap levels in GC treated 11βKO mice relative to untreated 11βKO controls. 

Interestingly, a marked increase in Bglap levels in 11βKO animals receiving oral 

corticosterone was noted when compared to WT mice treated with corticosterone (WT 

Cort 0.02 AU ± 0.01 vs 11βKO Cort 0.27 AU ± 0.04, P≤0.001) (Fig 4.5 B). This pattern 

was mimicked in the expression levels of Alpl, with a significant suppression in WT 

animals receiving oral corticosterone compared to their untreated group and no difference 

amongst the 11βKO groups. Again, a significant increase in expression levels was noted 

between 11βKO GC treated mice and WT GC treated animals (WT Cort 0.002 AU ± 

0.0006 vs 11βKO Cort 0.008 AU ± 0.002, P≤0.01) (Fig 4.5 C). The master regulator of 

osteoblast differentiation Runx2 and the inhibitor of wnt signalling DKK1 showed no 
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significant differences amongst the groups (Fig 4.5 D and F). Another inhibitor of wnt 

signalling Sost showed a significantly higher level in 11βKO animals receiving 

corticosterone treatment compared to their respective controls, however there was no 

significant difference between the GC treated groups (Fig 4.5 E). Collectively, these data 

indicate that GCs suppress markers of mature osteoblasts and bone formation but do not 

inhibit markers of osteoblast differentiation. These data indicate that reduced osteoblast 

survival rather than reduced differentiation may underpin this phenotype. Interestingly, 

this appears to be partially mediated by 11β-HSD1 metabolism as 11βKO animals are 

somewhat protected from these effects. 
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Figure 4. 5: Osteoblast markers in GC treated WT and 11βKO animals 

 

 
 

(A) ELISA analysis of serum P1NP (ng/ml) (n=6 per group) and qPCR analysis (AU) 
of (B) Bglap, (C) Alpl, (D) Runx2, (E) Dkk1 and (F) Sost in tibias of WT (n=6) and 
11βKO (n=6) animals receiving control or 100 mg/L corticosterone WT (n=5) and 
11βKO (n=6) in the drinking water for three weeks. Data is presented as mean ± SEM 
and statistical significance was determined using two-way ANOVA with Tukey’s 
multiple comparisons test (* denotes P≤0.05, ** denotes P≤0.01 and *** denotes 
P≤0.001). 
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4.4.5 Osteoclast markers are comparable in WT and 11βKO animals receiving 

corticosterone 

Serum and mRNA markers of osteoclasts were also assessed in WT and 11βKO animals. 

ELISA analysis of the bone resorption marker CTX-1 showed no significant changes 

across the groups, however a non-significant trend towards decreased resorption was 

observed in both groups receiving oral corticosterone treatment (Fig 4.6 A). The ratio of 

the inducer of osteoclast differentiation RANKL (Tnfsf11) to its inhibitor OPG (Tnfrsf11b) 

was measured by gene expression analysis from tibia mRNA. While a significant 

upregulation of the RANKL/OPG ratio was observed in corticosterone treated WT animals 

compared to untreated WT animals, this upregulation was not apparent in corticosterone 

treated 11βKO animals compared to the relative controls (Fig 4.6 B). However, no change 

was detected in gene expression levels of the marker of osteoclast activity Ctsk or the 

differentiation factor Csf1 between groups (Fig 4.6 C-D). These data indicate that while a 

protection against RANKL/OPG mediated induction of osteoclastogenesis was observed, 

this was not reflected in serum or mRNA markers of resorption. Together, these data 

suggest that the bone protective phenotype in the 11β‐HSD1 KO in response to GCs is 

not mediated through a reduction in GC induced osteoclast resorption. 
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Figure 

(A) ELISA analysis of serum CTX-1 (ng/ml) (n=5 per group) and qPCR analysis of 
gene expression (AU) of (B) the Rankl/Opg ratio, (C) Ctsk and (D) Csf1 in tibias from 
WT (n=6) and 11βKO (n=6) animals receiving control or 100 mg/L corticosterone WT 
(n=5) and 11βKO (n=6) in the drinking water for three weeks. Data is presented as 
mean ± SEM and statistical significance was determined using two-way ANOVA with 
Tukey’s multiple comparisons test (** denotes P≤0.01). 

 
 
 

 

4.4.6 Histomorphometric analysis of osteoblasts and osteoclasts in WT and 

11βKO animals receiving corticosterone 

Finally, histomorphometry was performed on the spines to examine the effects of GCs on 

the numbers of osteoblasts and osteoclasts on the surface of the bone. The surface 

covered by osteoblasts was significantly reduced in WT animals receiving oral 

corticosterone treatment compared to untreated WT (WT 10.5% ± 2.66 vs WT Cort 0.17% 

4. 6: Osteoclast markers in GC treated WT and 11βKO animals 
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± 2.43, P≤0.01). In corticosterone treated 11βKO animals a significant decrease in 

osteoblast surface was observed compared to their untreated controls (11βKO 11.2%  ± 

5.92 vs 11βKO Cort 4.2% ± 4.55, P≤0.05), however this appeared to be to a lesser extent 

than in WT animals (Fig 4.7 A). No significant difference in osteoclast surface was 

observed amongst the groups, however trends towards decreased osteoclasts were seen 

in both GC treated groups compared to their relevant controls (Fig 4.7 B). Taken together, 

these results suggest that 11β-HSD1 metabolism of steroids is responsible for driving 

cortical and trabecular bone thinning and reduced vertebra size in WT animals after GC 

treatment via a reduction of osteoblast number. 
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Figure 4. 7: Effect of GCs on bone cells at the spine of WT and 11βKO animals 

Percentage of bone surface covered by (A) osteoblasts and (B) osteoclasts of WT 
(n=6) and 11βKO (n=6) animals receiving control or 100 mg/L corticosterone WT (n=6) 
and 11βKO (n=5) in the drinking water for three weeks determined by static 
histomorphometry. (C) Representative images of osteoblasts (indicated by arrows) 
and (D) osteoclasts (indicated by arrows) in the spine by H&E and TRAP staining. Data 
is presented as mean ± SEM and statistical significance was determined using two- 
way ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, ** denotes 
P≤0.01) 
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4.4.7 Characterisation of the mesenchymal specific 11βKO mouse phenotype 
 
In an attempt to decipher the contribution of cell specific 11β-HSD1 to GIO, a 

mesenchymal specific 11βKO mouse (WT-Twist2) was generated. Four-week old WT- 

Twist2 mice were treated with 100 mg/L corticosterone for three weeks and tissues were 

collected post mortem at seven weeks of age. 100 mg/L corticosterone in the drinking 

water was sufficient to induce the characteristic effects of therapeutic GC use. Adrenal 

weights were significantly suppressed and Gilz gene expression was elevated in GC 

treated animals compared to their untreated controls (Fig 4.8 A-B). The mesenchymal- 

derived osteoblasts were isolated from these mice and 11β-HSD1 activity was found to 

be significantly suppressed in WT-Twist2 animals compared to WT (Fig 4.8 C). 
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Figure 4. 8: Analysis of GC response parameters in WT and WT-Twist2 mice 

(A) Adrenal weights (mg) in WT (n=6) and WT-Twist2 (n=3) animals receiving control 
or 100 mg/L corticosterone WT (n=8) and WT-Twist2 (n=6) in the drinking water for 
three weeks. (B) Gene expression of Gilz (AU) determined by qPCR in tibias of WT 
(n=6) and WT-Twist2 (n=4) mice receiving control or 100 mg/L corticosterone WT 
(n=5) and WT-Twist2 (n=4) in the drinking water for three weeks. (C) 11β-HSD1 
activity (pmol/mg/hour) determined by TLC analysis in osteoblasts isolated from WT 
(n=6) and WT-Twist2 (n=7) mice. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test and unpaired t test (*** denotes P≤0.001). 

 
 
 
 

4.4.8 WT and WT-Twist2 mice exhibit comparable signs of GC-induced changes in 

bone remodelling at three weeks 

As previously reported, corticosterone effects on bone are not apparent in animals at 

three weeks. However, to assess the impact of mesenchymal 11β-HSD1 deletion on bone 
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metabolism in WT-Twist2 Cre animals, tibias were excised post mortem and micro-CT 

used to assess trabecular bone parameters. Unlike WT animals receiving GCs over four 

weeks, no significant differences in bone volume, trabecular number or trabecular 

separation were detected amongst the groups (Fig 4.9 B, D, E). Thickness of trabeculae 

was significantly increased in the WT-Twist2 groups compared to WT controls (Fig 4.9 

C). Non-significant decreases were observed in trabecular separation of WT-Twist2 

groups, likely reflecting the increase in trabecular thickness (Fig 4.9 E). These data 

indicate that in mice receiving vehicle and corticosterone in drinking water for three 

weeks, mesenchymal deletion of 11β-HSD1 does not elicit a trabecular bone phenotype 

relative to WT control animals. 
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Figure 4. 9: Trabecular bone parameters of corticosterone treated WT and WT- 
Twist2 mice 

 

 
 
 
 

(A) Representative images of reconstructed trabecular bone from tibia scans of WT 
and WT-Twist2 animals receiving vehicle control or 100 mg/L corticosterone in the 
drinking water for three weeks. Micro-CT analysis of (B) bone volume (%) relative to 
total volume, (C) trabecular thickness (µm), (D) trabecular number (1/µm) and 
trabecular separation (µm) of WT (n=8) and WT-Twist2 (n=5) animals receiving control 
or 100 mg/L corticosterone WT (n=6) and WT-Twist2 (n=6) in the drinking water for 
three weeks Data is presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Tukey’s multiple comparisons test (* denotes 
P≤0.05) 
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Whilst bone phenotypes are not apparent at three weeks of exposure to corticosterone, 

we previously demonstrated that biochemical and gene markers of bone turnover were 

significantly regulated at this early timepoint in WT animals. Consequently, we examined 

osteoblast markers in WT-Twist2 animals receiving either vehicle or corticosterone 

relative to WT controls. Serum levels of the bone formation marker P1NP were 

significantly lower in untreated WT-Twist2 animals compared to WT controls (WT 494.2 

ng/ml ± 61.1 vs WT-Twist2 260.5 ng/ml ± 49.9, P≤0.01). A significant reduction was also 

observed in both groups receiving oral corticosterone compared to their relevant 

untreated controls (WT-Twist2 260.5 ng/ml ± 49.9 vs WT-Twist2 Cort 22.9 ng/ml ± 2.3, 

P≤0.01). Levels of P1NP in both WT and WT-Twist2 mice treated with corticosterone 

were suppressed to a comparable level (Fig 4.10 A). WT GC treated animals exhibited a 

significantly lower amount of Bglap and Alpl than their untreated counterparts. A 

significant decrease in Bglap was also observed between GC treated WT-Twist2 animals 

relative to untreated controls (WT-Twist2 0.39 AU ± 0.06 vs WT-Twist2 Cort 0.03 AU ± 

0.01, P≤0.001), whilst a trend towards decreased levels of Alpl was identified. Again, GC 

treatment groups had suppressed mature osteoblast markers to a comparable level (Fig 

4.10 B-C). Gene levels of Runx2, the key transcription factor in osteoblast differentiation, 

showed no significant decreases, however a trend towards decreased levels in WT- 

Twist2 groups was noted (Fig 4.10 D). Analysis of both inhibitors of wnt signalling Sost 

and Dkk1 revealed no significant changes amongst the groups (Fig 4.10 E-F). 
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(A) ELISA analysis of serum  P1NP  (ng/ml) (n=6  per group)  and gene  expression 
analysis (AU) of (B) Bglap, (C) Alpl, (D) Runx2, (E) Sost and (F) Dkk1 determined by 
qPCR analysis in tibias from WT (n=6) and WT-Twist2 (n=5) mice receiving control 
or 100 mg/L corticosterone WT (n=5) and WT-Twist2 (n=6) in the drinking water for 
three weeks. Data is presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Tukey’s multiple comparisons test (** denotes 
P≤0.01 and *** denotes P≤0.001). 

Figure 4. 10: Osteoblast markers in GC treated WT and WT-Twist2 animals 
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Analysis of osteoclast markers from mRNA isolated from tibias of WT-Twist2 mice 

revealed no significant changes in the RANKL/OPG ratio or the marker of osteoclast 

activity Ctsk (Fig 4.11 A-B). The osteoclast survival factor Csf1 was significantly increased 

in WT-Twist2 animals receiving oral corticosterone compared to their untreated 

counterparts, however gene expression between corticosterone treatment groups was 

comparable (Fig 4.11 C). 

 

Figure 4. 11: Osteoclast markers in GC treated WT and WT-Twist2 animals 

Gene expression analysis (AU) of (A) the Rankl/Opg ratio, (B) Ctsk and (C) Csf1 
determined by qPCR analysis from tibias of WT (n=6) and WT-Twist2 (n=5) animals 
receiving control or 100 mg/L corticosterone WT (n=5) and WT-Twist2 (n=6) in the 
drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (* denotes P≤0.05). 
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Overall, these data show no major differences in osteoblast markers between WT and 

WT-Twist2 animals receiving oral corticosterone treatment, indicating that mesenchymal 

11β-HSD1 does not appear to mediate changes in bone metabolism in GIO. Interestingly, 

a decrease in osteoblast markers in untreated WT-Twist2 animals seems to be apparent, 

indicating changes in bone remodelling at a basal level associated with this genotype. 

Osteoclasts do not appear to be as sensitive to the effects of GC treatment in terms of 

osteoclast RNA markers in these mouse models. However, examining bone loss at longer 

GC exposure to drive a bone loss phenotype is required, to better delineate the 

contribution of mesenchymal 11β-HSD1 to GIO. 

 
 
 
4.4.9 Characterisation of the myeloid specific 11βKO mouse phenotype 

 
In order to determine the contribution of myeloid-derived 11β-HSD1 activity to the 

development of GIO, a myeloid-specific 11βKO mouse (WT-LysM) was utilised and 

subjected to three weeks treatment with 100 mg/L corticosterone drinking water. GC 

treatment suppressed adrenal weights and induced Gilz expression to similar levels 

between corticosterone treated groups (Fig 4.12 A & B). 11β-HSD1 activity was 

significantly suppressed in macrophages isolated by peritoneal lavage from WT-LysM 

mice compared to WT animals, confirming disruption of 11β-HSD1 action in these myeloid 

cells (Fig 4.12 C). Tibialis anterior, fat tissue and liver possessed comparable levels of 

11β-HSD1 activity between WT-LysM and WT mice, indicating that no off target effects 

were observed in these compartments (Fig 4.12 D-F). 
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Figure 4. 12: Analysis of GC response parameters in WT and WT-LysM mice 

 
 

 

(A) Adrenal weights (mg) in WT (n=6) and WT-LysM (n=2) animals receiving control 
or 100 mg/L corticosterone WT (n=8) and WT-LysM (n=5) in the drinking water for 
three weeks. (B) Gene expression of Gilz (AU) determined by qPCR analysis of WT 
(n=6) and WT-LysM (n=4) animals receiving control or 100 mg/L corticosterone WT 
(n=5) and WT-LysM (n=5) in the drinking water for three weeks 11β-HSD1 activity 
(pmol/mg/hour) determined by TLC assays in (C) macrophages isolated from WT 
(n=3) and WT-LysM (n=5) mice and (D) tibialis anterior muscles, (E) fat tissue and (F) 
liver tissue (WT n=3 and WT-LysM (n=2). Data is presented as mean ± SEM and 
statistical significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test and unpaired t test (* denotes P≤0.05, ** denotes P≤0.01 and *** 
denotes P≤0.001). 
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4.4.10 WT-LysM have an overall reduction in trabecular bone compared to WT 

animals 

As previously reported, corticosterone effects are not apparent in animals at three weeks. 

However, to assess the impact of myeloid 11β-HSD1 deletion on bone metabolism in WT- 

LysM cre animals tibias were formalin fixed post mortem and stored at 4°C in 70% ethanol 

prior to micro-CT analysis. No difference in bone parameters was observed between 

corticosterone treated groups and their untreated counterparts, however WT-LysM 

animals had significantly lower bone volume and trabecular thickness compared to WT 

controls (BV/TV: WT 5.3% ± 0.5 vs WT-LysM 3.0% ± 0.4, P≤0.05; Tb.Th: WT 73.7 µm ± 

3.1 vs WT-LysM 58.8 µm ± 1.4, P≤0.01) (Fig 4.13 B-C). Trabecular number showed a 

trend towards reductions in WT-LysM animals compared to WT mice (Fig 4.13 D). 

Trabecular separation revealed no significant differences amongst the groups (Fig 4.13 

E). These data indicate that in mice receiving vehicle and corticosterone in drinking water 

for three weeks, myeloid deletion of 11β-HSD1 may elicit a trabecular bone loss 

phenotype relative to WT control animals. 
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Figure 4. 13: Trabecular bone parameters of tibias from WT and WT-LysM 
animals 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) Representative images of reconstructed trabecular bone from tibia scans of WT 
and WT-LysM animals receiving vehicle control water or 100 mg/L corticosterone 
drinking water for three weeks. Micro-CT analysis of (B) bone volume (%) relative to 
total volume, (C) trabecular thickness (µm), (D) trabecular number (1/µm) and 
trabecular separation (µm) of WT (n=8) and WT-LysM (n=5) animals receiving control 
or 100 mg/L corticosterone WT (n=6) and WT-LysM (n=5) in the drinking water for 
three weeks Data is presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Tukey’s multiple comparisons test (* denotes 
P≤0.05, ** denotes P≤0.01 and *** denotes P≤0.001). 
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4.4.11 WT-LysM mice exhibit changes in bone remodelling markers similarly to WT 

animals 

As reported previously, whilst bone phenotypes are not apparent at three weeks of 

exposure to corticosterone, changes in biochemical and gene markers of bone turnover 

are apparent at three weeks. Consequently, we examined bone turnover markers at this 

timepoint in WT-LysM cre animals receiving either vehicle or corticosterone relative to 

WT controls. Serum levels of the osteoblast activity marker P1NP were significantly lower 

in both WT-LysM animals and WT animals receiving oral corticosterone compared to their 

untreated counterparts (WT-LysM 445.8 ng/ml ± 42.0 vs WT-LysM Cort 28.4 ng/ml ± 9.4, 

P≤0.001), with no significant difference between genotypes (Fig 4.14 A). Similar patterns 

were observed with gene expression levels of the mature osteoblast markers Bglap and 

Alpl, with significant suppressions in both corticosterone treated groups relative to their 

untreated controls. Again, no differences were identified between the different genotypes 

(Fig 4.14 B-C). Analysis of factors involved in osteoblast differentiation, Runx2, Sost and 

Dkk1, revealed no significant differences amongst the groups (Fig 4.14 D-F). These data 

indicate that mice with myeloid deletion of 11β-HSD1 are not protected from anti-anabolic 

bone loss in response to oral delivery of corticosterone over three weeks, with markers 

of mature osteoblasts and osteoblast activity suppressed in these animals in a similar 

manner to WT animals. 
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Figure 4. 14: Osteoblast markers in GC treated WT and WT-LysM animals 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) ELISA analysis of serum P1NP (ng/ml) of WT (n=6) and WT-LysM (n=5) animals 
receiving control or 100 mg/L corticosterone WT (n=6) and WT-LysM (n=5) in the 
drinking  water for three  weeks. qPCR gene expression analysis (AU) of  (B) Bglap, 
(C) Alpl, (D) Runx2, (E) Sost and (F) Dkk1 in tibias from WT (n=6) and WT-LysM (n=4) 
animals receiving control or 100 mg/L corticosterone WT (n=5) and WT-LysM (n=5) 
in the drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (** denotes P≤0.01 and *** denotes P≤0.001). 
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Finally, osteoclasts markers in the serum and mRNA generated from the tibias of WT- 

LysM mice were analysed. Serum levels of the osteoclast activity marker, CTX-1, were 

significantly reduced in WT-LysM animals treated with oral corticosterone compared to 

their untreated counterparts. A trend towards decreased CTX-1 levels was observed 

between WT animals receiving corticosterone compared to untreated WT mice. GC 

treated WT mice relative to GC treated WT-LysM mice showed no significant differences 

(Fig 4.15 A). No significant differences were observed in gene expression levels of 

osteoclast differentiation factors, Rankl/Opg ratio and Csf1, or the osteoclast activity 

marker, Ctsk, amongst the groups (Fig 4.15 B-D). These data indicate that mice lacking 

11β-HSD1 specifically within the myeloid compartment are not resistant to decreases in 

osteoclast activity in response to corticosterone in the drinking water for three weeks. 
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Figure 4. 15: Osteoclast markers in GC treated WT and WT-LysM animals 

(A) ELISA analysis of serum CTX-1 (ng/ml) (n=5 per group) and qPCR gene expression 
analysis (AU) of (B) the Rankl/Opg ratio, (C) Ctsk and (D) Csf1 of tibias from WT (n=6) 
and WT-LysM (n=4) animals receiving control or 100 mg/L corticosterone WT (n=5) 
and WT-LysM (n=4) in the drinking water for three weeks. Data is presented as mean 
± SEM and statistical significance was determined using two-way ANOVA with Tukey’s 
multiple comparisons test (*** denotes P≤0.001). 
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4.5    Discussion 
 
Local activation of GCs by 11β-HSD1 has been shown to mediate many of the adverse 

metabolic effects of therapeutic GCs, such as muscle wasting, visceral obesity and 

glucose intolerance (70). However, less is known about the contribution of 11β-HSD1 

metabolism to GIO. To address this question, we used the 11β-HSD1 KO mouse and 

treated with 100 mg/L corticosterone in the drinking water prior to examination of 

measures of systemic bone loss and markers of bone metabolism. 

Typical features of GC excess were examined in the 11βKO animals to determine how 

their GC metabolism differs from WT animals. 100 mg/L corticosterone in the drinking 

water has been previously shown to induce many of the characteristic features of GC 

excess (70). 100 mg/L corticosterone treatment induced adrenal atrophy and increased 

serum corticosterone levels in both WT and 11βKO animals (Fig 4.1 A & D). Additionally, 

lipid deposition was observed in the liver of WT animals receiving oral corticosterone 

treatment, but 11βKO animals were protected from this, as previously reported by Morgan 

et al (70) (Fig 4.1 B). Local 11β-HSD1 GC activation within the osteoblasts of 11βKO 

animals was significantly ablated and induction of the GC-responsive gene Gilz in the 

tibia was blunted supporting this (Fig 4.1 C & E). 

Four weeks of corticosterone treatment sufficiently induced a significant bone loss in the 

tibia of WT animals, characterised by significant reductions in bone volume, trabecular 

thickness and trabecular number and increases in separation between trabeculae. 

Previous studies examining bone loss in this strain reported that the C57BL/6J strain was 

resistant to GIO using slow release prednisolone pellets  (2.5  mg/60  days  for  56  

days) (316). Our data indicate that timing is critical here, with limited bone loss apparent 

at three weeks. Similarly, the diurnal delivery and dosing may influence these processes 
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and may be responsible for the differences between these studies. Regardless, in our 

study, the reduced bone volume in spine and tibia was strongly supported by a 

suppression in osteoblast markers and numbers. Deletion of 11β-HSD1 protected against 

detrimental actions of GCs on bone volume, trabecular number and trabecular separation 

(Fig 4.2). Thus, 11β-HSD1 metabolism of exogenous GCs plays a significant role in the 

development of GIO. 

Whilst reducing the exposure of GCs to three weeks resulted in no apparent trabecular 

bone loss in tibias, analysis of spines indicated that there was a significant reduction in 

cortical bone. Despite this, metabolic and gene markers of bone metabolism were readily 

detectable at this time point and were taken forward for further analysis. The bone 

formation marker P1NP and the mature osteoblast markers osteocalcin and alkaline 

phosphatase were markedly suppressed in WT animals upon treatment with GCs, 

similarly to what is reported in human patients receiving GC therapy (317). However, 

11βKO animals showed partial protection from the suppression of osteoblast markers. 

Factors influencing osteoblast differentiation, Runx2, Sost and Dkk1 showed no 

differences between WT and 11βKO animals treated with corticosterone, indicating a 

reduction in mature osteoblast numbers rather than a decrease in osteoblast 

differentiation. Further research could examine changes in other anabolic regulatory 

factors such as wnt ligands, TGF-β or androgens to investigate whether they mediate the 

suppression of osteoblasts observed here. A previous study showed that exogenous 

treatment with GCs induced osteoblast and osteocyte apoptosis and overexpressing the 

GC-inactivating enzyme 11β-HSD2 specifically in mature osteoblasts protected these 

cells from steroid-induced apoptosis (237). Thus, it is possible that 11β-HSD1 metabolism 

mediates apoptosis of osteoblasts in response to exogenous GC treatment and this 
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subsequently leads to reductions in bone formation. In contrast, osteoclasts appeared 

less susceptible to changes in response to GCs, with trends towards decreased bone 

resorption in both WT and 11βKO animals treated with corticosterone. GCs did however 

increase the RANKL/OPG ratio in WT animals consistent with what is reported in the 

literature but failed to do so in 11βKO animals, indicating that 11β-HSD1 metabolism of 

GCs may influence differentiation and activation of osteoclasts (242). 

The spine is particularly susceptible to GIO, with patients on GC therapy having an 

approximate 10% decrease in BMD at the lumbar spine and upwards of double the risk 

of vertebral fracture (21, 314). Therefore, the spine of WT and 11βKO mice were also 

analysed for response to GC treatments. Micro-CT analysis of the sixth lumbar vertebrae 

revealed modest changes in trabecular bone, with reductions in bone volume and 

trabecular thickness in WT animals treated with GCs, which were not present in 11βKO 

animals (Fig 4.3). However, more robust changes were reported by ImageJ analyses of 

the cortical bone of lumber 6. Cortical area, periosteal perimeter and endosteal perimeter 

were all markedly reduced in WT animals receiving corticosterone. In contrast, these 

reductions were not apparent in 11βKO animals receiving corticosterone, suggesting that 

11β-HSD1 metabolism of GCs also mediates the destruction of vertebral bone in GIO 

(Fig 4.4). GC therapy in children often results in a retardation of bone growth and 

subsequent reduced height (318). Given that both periosteal perimeter and endosteal 

perimeter were reduced in WT animals may suggest that bone growth is affected in this 

setting, rather than changing homeostatic metabolism alone. The effects on the spines of 

WT animals receiving corticosterone were shown to coincide with a dramatic suppression 

of osteoblast numbers. As with the levels of anabolic bone markers, this was partially 

abrogated in GC treated 11βKO animals (Fig 4.5). 
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Overall, 11β-HSD1 metabolism of therapeutic GCs appears to play an important role in 

the development of GIO. The main bone cells are the mesenchymal-derived bone forming 

osteoblasts and the myeloid-derived bone resorbing osteoclasts. The next aim was to try 

to ascertain which cells expressing 11β-HSD1 were responsible for mediating the 

negative effects of GCs on the bone. Both the mesenchymal specific 11β-HSD1 KO (WT- 

Twist2) mouse and the myeloid specific 11β-HSD1 KO (WT-LysM) mouse developed 

adrenal suppression upon corticosterone treatment similar to WT animals and exhibited 

upregulated Gilz expression demonstrating a normal response to GCs in these animals. 

Reduced activity of 11β-HSD1 in osteoblasts was confirmed in the WT-Twist2 animals 

(Fig 4.8). We have previously shown that Twist2 animals have retained activity in the 

spleen and bone marrow cells, whilst activity is reduced in the front paws and tibialis 

anterior, and 11β-HSD1 activity is completely absent in FLS isolated from these animals 

(157). Reduced activity of 11β-HSD1 in peritoneal macrophages was reported in WT- 

LysM mice (Fig 4.12). Importantly, 11β-HSD1 activity was retained in the tibialis anterior 

muscle, adipose tissue and liver of the myeloid specific KO animals (Fig 4.12). Further 

validation may be necessary to characterise these mice via methods such as 

immunohistochemistry or western blot to confirm KO in specific tissues and cells. 

However, 11β-HSD1 activity assays are advantageous in that they provide functional 

readouts of the activity of the enzyme. 

Unsurprisingly, corticosterone-induced changes in tibial trabecular bone phenotypes 

were not apparent in either cre KO at three weeks, in line with previous findings in WT 

and global 11β-HSD1 KO animals. The three week time points were originally selected 

for examination of metabolic markers and changes in gene expression markers of bone 

metabolism. Future work would need to examine this at a later time point such as 4-5 
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weeks to confirm our findings. However, whilst no changes were observed in WT-LysM 

mice receiving corticosterone compared to untreated controls, these animals had 

significantly reduced bone volume and trabecular thickness compared to WT animals, 

suggesting there may be altered bone metabolism at a basal level when 11β-HSD1 is 

deleted from myeloid cells (Fig 4.13). A recently identified subtype of resident 

macrophage in the bone, known as osteomacs, have been shown to be closely 

associated with osteoblasts and are required for efficient osteoblastic mineralisation 

(319). This raises the possibility that disruption of GC amplification in osteoclasts or 

osteomacs may inhibit the capacity to facilitate osteoblast function at a basal level. 

In contrast to global 11β-HSD1 KO mice, both mesenchymal specific KOs and myeloid 

specific KOs treated with GCs had reduced P1NP, osteocalcin and alkaline phosphatase 

to a similar extent as corticosterone treated WT animals (Fig 4.10 & 4.14). Osteoclast 

markers were also similar in WT-Twist2 and WT-LysM animals receiving oral 

corticosterone compared to corticosterone treated WT mice (Fig 4.11 & 4.15). 

Consequently, these data indicate that 11β-HSD1 within either osteoclasts or osteoblasts 

are not sufficient to mediate the effects of therapeutic GCs on bone as observed in the 

global HSD1 KO animal. This may indicate that another cell type expressing 11β-HSD1 

is responsible, or that deletion in only one cell population is insufficient to mediate GC 

effects. It may be that paracrine signalling of GCs via 11β-HSD1 may compensate for 

this, or that a failure to initiate 100% deletion using these cre mice is not sufficient to 

reproduce the global KO protective phenotype. Further validation of the cell specific KO 

mice may be required to address this. 

In conclusion, 11β-HSD1 metabolism of therapeutic GCs significantly contributes to the 

manifestation of GIO by suppressing bone formation via reducing the numbers of mature 
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osteoblasts present. This would suggest 11β-HSD1 inhibitors may be beneficial to 

prevent GIO, as well as muscle wasting, obesity and hypertension in patients receiving 

therapeutic GCs (70). However, before 11β-HSD1 inhibitors can be utilised for the 

prevention of GC-induced side effects, research should first be performed, to assess 

whether the anti-inflammatory immunomodulatory effects of GCs are also dependent on 

11β-HSD1. 
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Chapter 5: The role of 11β-HSD1 in the 

anti-inflammatory properties of 

therapeutic glucocorticoids 
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5.1 Introduction 
 
GCs are effective in the treatment of many chronic inflammatory diseases, however the 

development of metabolic side effects remains a substantial problem associated with their 

application (320). Thus, a better understanding of the precise mechanisms of GC actions 

is required to overcome this. Initially, efforts centred on investigating the functions of the 

monomeric GR versus the dimeric GR, with the view that the anti-inflammatory properties 

of GCs were mediated by transrepression by monomeric GRs, whilst the adverse 

metabolic side effects were dependent on transactivation by dimeric GR complexes (132). 

However, this was shown to be an oversimplified view of the mechanisms of GC action 

(see section 1.4.2) (138). More recently, research has focussed on developing a better 

understanding of the cell-specific actions of GCs to develop targeted GC treatments 

capable of bypassing their detrimental side effects. 

 
 
 
5.1.1 Cell specific anti-inflammatory responses to therapeutic GCs 

 
Various papers have investigated the contribution of specific cell types in the suppression 

of inflammation in response to GC therapy using various cell specific GR KO models. 

In 2007, Tuckermann et al examined the role of different cell types in the therapeutic 

response to GCs in a mouse model of contact hypersensitivity (CHS) (321). Despite the 

fact that T cells have been shown to play an important role in CHS, with T cell depleted 

mice having significantly less disease activity, a T cell specific GR KO (GRlckCre) mouse 

retained the ability to strongly suppress inflammation in response to treatment with 

dexamethasone (322). Similarly, whilst keratinocytes drive pathogenesis of CHS by 

producing  pro-inflammatory  cytokines and chemokines,  keratinocyte  specific  GR KO 
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(GRK14Cre) mice could also potently suppress inflammation upon dexamethasone 

treatment. The myeloid specific GR KO (GRLysMCre) mouse which predominantly targets 

macrophages and neutrophils, on the other hand, could no longer suppress inflammation 

by GC treatment. In these mice, macrophage and neutrophil activity persisted at the sites 

of inflammation in the skin following dexamethasone treatment. Thus, the authors 

concluded that macrophages and neutrophils mediate the therapeutic actions of GCs in 

CHS (321). 

Additional studies have investigated the cell types mediating the anti-inflammatory 

response to therapeutic GCs in mouse models of inflammatory arthritis. One study found 

that a T cell specific GR deletion inhibited the therapeutic response to dexamethasone in 

an antigen-induced arthritis model, whilst macrophage, B cell and dendritic cell specific 

KOs had a normal response to GC treatment, indicating that T cell GC signalling mediates 

the anti-inflammatory actions of GC in this model (323). Conversely, another study 

showed that the GR in stromal cells, such as FLS, was required to polarise macrophages 

towards the pro-resolution phenotype and suppress disease activity in the serum transfer- 

induced arthritis model (138). These discrepancies could be due to differences in 

inflammatory models, which have different pathogeneses and may require alternative 

resolution pathways. 

 
 
 
5.1.2 The role of 11β-HSD1 in inflammation 

 
As previously discussed in section 1.4.7, 11β-HSD1 metabolism of endogenous GCs 

plays an important role in the suppression and resolution of inflammation. Coutinho et al 

showed the progression of inflammation in animals deficient in 11β-HSD1 in three distinct 
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mouse models of acute inflammation. 11β-HSD1 KO mice developed earlier onset and 

more severe inflammation in the STIA model, in addition to a significant impairment in 

resolution. In the thioglycolate-induced sterile peritonitis mouse model, 11β-HSD1 KO 

animals had a significantly greater inflammatory infiltrate into the peritoneum. Similarly, 

in the carrageenan-induced pleurisy model, inflammatory cell infiltration was significantly 

greater in the 11β-HSD1 KO mouse with significantly higher cell numbers in pleural 

lavages and delayed resolution (324). These studies indicated that 11β-HSD1 acts to 

restrain inflammation in acute diseases and support resolution. Additionally, we have 

previously shown that 11β-HSD1 metabolism of endogenous GCs plays a fundamental 

role in suppressing inflammation in chronic inflammation. Moreover, a stromal cell specific 

11β-HSD1 KO mouse crossed with the TNF-tg animal did not show the same 

exacerbation of disease and in fact had a modest protection from joint inflammation and 

local juxta-articular bone loss, indicating that stromal 11β-HSD1 metabolism of GCs 

worsens inflammation (157). 

Overall, 11β-HSD1 appears to mediate the endogenous anti-inflammatory and pro- 

resolution pathways associated with GC production. However, whether metabolism by 

11β-HSD1 is necessary to produce the therapeutic immunosuppressive properties of 

GCs during chronic inflammation remains unknown. Thus, this chapter utilises GC 

treatment in the global 11β-HSD1 KO mouse, in addition to the mesenchymal and myeloid 

specific KOs, crossed with the TNF-tg model of chronic inflammatory polyarthritis to 

determine how GCs mediate their therapeutic effects. 
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5.2 Hypothesis 
 
The therapeutic anti-inflammatory action of GCs in chronic inflammatory polyarthritis is 

mediated by their local activation by 11β-HSD1. 
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5.3 Materials and Methods 
 
5.3.1 Animal experiments 

 
Heterozygous TNF-tg mice (section 2.1.1) were crossed with global 11β-HSD1 KO mice 

(section 2.1.2) to generate the TNF11βKO mouse. TNF-tg animals were also crossed 

with a mesenchymal specific 11β-HSD1 KO mouse and a myeloid specific 11β-HSD1 KO 

mouse to generate TNF-Twist2 and TNF-LysM animals, respectively (section 2.1.3). 

Four-week old mice were treated with 100 mg/L corticosterone in the drinking water for 

three weeks and scored for clinical and arthritic paw scores as described in section 2.1.4. 

At seven weeks, animals were sacrificed by cervical dislocation after exsanguination by 

cardiac puncture. Tissues were dissected and stored prior to use as previously described 

(section 2.1.4). Adrenals were removed and weighed immediately. 

 
 
 
5.3.2 Micro-CT analysis 

 
Front paws were formalin fixed prior to being stored in 70% ethanol at 4°C. Samples were 

scanned on a Skyscanner 1172 (Bruker Micro-CT, Belgium) and reconstructed using 

NRecon (section 2.2). Front paws were scored for bone erosions as described in section 

2.2.2. 

 
 
 
5.3.3 Cell culture 

 
Synovial fibroblasts and peritoneal macrophages were isolated from WT and KO mice as 

described in sections 2.4.1 and 2.4.2, respectively. Co-culture and conditioned media 

experiments were set up according to sections 2.4.3 and 2.4.4, respectively. Following 
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the experiments, media was collected and RNA was isolated and stored at -80°C prior to 

use. 

 
 
 
5.3.4 ELISA analysis 

 
Following cardiac punctures, blood was left to clot for 30 minutes at room temperature 

before being centrifuged at 13,000 rpm for 30 minutes to separate out the serum. Serum 

was aspirated into a fresh tube and stored at -80°C prior to use. Levels of IL-6 in the 

serum of animals or the media from cell cultures was assessed according to section 

2.6.1.1. 

 
 
 
5.3.5 Gene expression analysis 

 
Following dissection, one tibia from each mouse was homogenised in a pestle and mortar 

with liquid nitrogen. RNA was isolated from the resulting homogenate or from primary 

cells using the innuPREP RNA Mini Kit 2.0 (AnalytikJena, Jena, Germany) as outlined in 

section 2.5.1. Purity and concentration of RNA was assessed using a NanoDropTM 1000 

Spectrophotometer (ThermoFisher, Paisley, UK). 700 ng RNA was reverse transcribed 

to make cDNA using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher, 

Paisley, UK) (see section 2.5.2). Gene expression could then be measured by 

quantitative real time PCR (section 2.5.3) using the Taqman probes listed in 

Supplementary Table 1 (Applied Biosystems). 
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5.3.6 Histological staining 
 
Front paws were excised and formalin fixed before being stored in 70% ethanol at 4°C 

prior to histological staining and analysis. Bones were decalcified in EDTA (0.5 M) and 

embedded courtesy of the Department of Musculoskeletal Pathology at the ROH. H&E 

staining was carried out by the Department of Musculoskeletal Pathology as outlined in 

section 2.8.1. Pannus invasion into the joint was assessed using ImageJ software 

according to  section 2.8.1. Osteoclasts  were stained for TRAP as described in  section 

2.8.2 and cartilage degradation was assessed using safranin O proteoglycan staining 

(section 2.8.3). 

 
 
 
5.3.7   Statistical analysis 

 
GraphPad Prism software (GraphPad, San Diego, USA) was used to determine statistical 

significance. Two-way ANOVA analysis was used with a Tukey post hoc analysis to 

compare between treatment groups and genotypes unless otherwise stated in the figure 

legend. One-way ANOVA analysis was used with a Tukey post hoc analysis to compare 

between different conditions in cell culture assays. N numbers are recorded in the 

relevant figure legend. Statistical significance was determined as P≤0.05. * denotes 

P≤0.05, ** denotes P≤0.01 and *** denotes P≤0.001. 
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Figure 5. 1: Adrenal weights of TNF-tg and TNF11βKO animals receiving GCs 

5.4 Results 
 
5.4.1 GCs do not suppress inflammation in the TNF11βKO mouse 

 
GCs have been shown to have potent immunosuppressant properties when administered 

during chronic inflammatory disease. In order to determine the contribution of 11β-HSD1 

metabolism to the therapeutic actions of GCs, TNF-tg animals were crossed with global 

11β-HSD1 KO animals and treated with 100 mg/L corticosterone in the drinking water for 

three weeks. Three weeks of 100 mg/L corticosterone caused significant adrenal atrophy 

in both genotypes (Fig 5.1). 

 

 

 
 

Adrenal weights (mg) of TNF-tg (n=5) and TNF11βKO (n=3) animals receiving control 
or 100 mg/L corticosterone TNF-tg (n=13) and TNF11βKO (n=8) in the drinking water 
for three weeks. Data is presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Tukey’s multiple comparisons test (** 
denotes P≤0.01) 

 
 
 
 
 
Clinical and arthritic paw scores were recorded from GC treatment commencement at 

four weeks old until seven weeks old, after which mice were culled by cervical dislocation. 
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As previously reported in 11β-HSD1 KO animals, arthritic paws scores of TNF11βKO 

animals were significantly higher than TNF-tg animals, indicating that the level of arthritis 

is more severe in the absence of 11β-HSD1 (Fig 5.2 B) (157). Whilst both the clinical and 

arthritic paw scores of TNF-tg mice were significantly suppressed upon GC treatment 

(Clinical scores: TNF-tg 6.33 AU ± 0.5 vs TNF-tg Cort 3.60 AU ± 0.9, P≤0.001; Arthritic 

paw scores: TNF-tg 7.17 AU ± 0.8 vs TNF-tg Cort 2.20 AU ± 0.8, P≤0.0001), TNF11βKO 

animals were resistant to these effects and scoring parameters remained elevated 

following corticosterone administration (Clinical scores: TNF11βKO 7.33 AU ± 0.5 vs 

TNF11βKO Cort 7.50 AU ± 1.1, P=0.9999; Arthritic paw scores: TNF11βKO 9.17 AU ± 

1.3 vs TNF11βKO Cort 9.75 AU ± 0.9, P>0.9999) (Fig 5.2). 
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Figure 5. 2: Clinical and arthritis paw scores of TNF11βKO animals with or 
without GC treatment 

(A) Clinical scores and (B) arthritic paw scores (AU) in WT, TNF-tg, 11βKO and 
TNF11βKO mice receiving control or 100 mg/L corticosterone in the drinking water for 
three weeks (n=6 per group). Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple comparisons 
test (*** denotes P≤0.001). 

 
 
 

To examine the regulation of inflammatory mediators in the synovium, pro-inflammatory 

cytokines were analysed by qPCR analysis of tibia RNA and ELISA analysis of isolated 

serum. In TNF-tg mice, murine Tnf showed no significant difference between untreated 

animals and mice receiving GC treatment. In TNF11βKO animals, mTnf was not 

suppressed by corticosterone treatment and was significantly higher in TNF11βKO mice 

receiving oral corticosterone compared to TNF-tg mice receiving corticosterone (TNF-tg 

Cort 0.0008 AU ± 0.0001 vs TNF11βKO Cort 0.002 AU ± 0.0003, P≤0.01) (Fig 5.3 A). 

Analysis of the human TNF transgene expression (hTNF) was also analysed in these 

mice.  Corticosterone  treatment significantly  suppressed hTNF  levels in  TNF-tg mice, 
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whilst no suppression was observed in TNF11βKO animals. TNF11βKO animals treated 

with GCs had significantly higher levels of hTNF relative to GC treated TNF-tg animals 

(TNF-tg Cort 0.00002 AU ± 0.000009 vs TNF11βKO Cort 0.0002 AU ± 0.00007, P≤0.001) 

(Fig 5.3 B). Analysis of serum levels of IL-6 revealed a near complete inhibition of IL-6 in 

TNF-tg animals receiving oral corticosterone compared to their untreated counterparts, 

whilst levels of IL-6 persisted in the serum of corticosterone treated TNF11βKO animals 

(Fig 5.3 C). Finally, il-1 expression levels showed significant decreases in both WT and 

TNF-tg animals receiving oral corticosterone compared to their untreated controls. This 

suppression was not apparent in 11βKO and TNF11βKO mice and TNF11βKO animals 

receiving GCs had significantly higher levels of il-1 expression than TNF-tg animals 

receiving GC treatment (TNF-tg Cort 0.001 AU ± 0.0002 vs TNF11βKO Cort 0.005 AU ± 

0.0009, P≤0.01) (Fig 5.3 D). These data suggest that the resistance of TNF11βKO 

animals to the therapeutic effects of GCs is mediated at least in part by a failure to 

suppress pro-inflammatory cytokines. 
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Figure 5. 3: Pro-inflammatory cytokine analysis in TNF11βKO animals 

qPCR analysis of gene expression (AU) of (A) mTnf, (B) hTNF and (D) il1 in tibias from 
WT (n=6), TNF-tg (n=6), 11βKO (n=5) and TNF11βKO (n=6) animals receiving control 
or 100 mg/L corticosterone WT (n=5), TNF-tg (n=6), 11βKO (n=6) and TNF11βKO (n=6) 
in the drinking water for three weeks. (C) ELISA analysis of serum IL-6 (ng/ml) in WT 
(n=6), TNF-tg (n=5), 11βKO (n=6) and TNF11βKO (n=6) animals receiving control or 
100 mg/L corticosterone (n=6 per group) in the drinking water for three weeks. Data is 
presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Tukey’s multiple comparisons test (** denotes P≤0.01, *** denotes 
P≤0.001). 
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5.4.2 Impact of GC treatment on the joints of TNF11βKO animals 
 
We have previously shown that GCs have an overall protective effect on the joint when 

administered during chronic inflammation. Therefore, to investigate the role of 11β-HSD1 

activation of GCs in mediating these effects, front paws of TNF-tg and TNF11βKO animals 

receiving 100 mg/L corticosterone treatment were excised post mortem for micro-CT and 

histological analysis. Micro-CT analysis of front paws revealed that whilst corticosterone 

treatment significantly reduced bone erosions in the TNF-tg group compared to untreated 

controls, erosions persisted in the TNF11βKO corticosterone treatment group 

comparable to their untreated controls. Erosion scores were significantly higher in 

TNF11βKO animals receiving oral corticosterone compared to corticosterone treated 

TNF-tg mice (TNF-tg Cort 5.2 AU ± 1.93 vs TNF11βKO 16.4 AU ± 1.44, P≤0.001) (Fig 

5.4). Thus, this indicates that the protective effect of GCs on juxta-articular bone erosions 

in chronic inflammation that I have previously reported (Chapter 3) is mediated through 

the activation of GCs by 11β-HSD1 metabolism. 
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Figure 5. 4: Analysis of bone erosions in TNF-tg and TNF11βKO animals treated 
with GCs 

 

 
 
 
 

(A) Quantification of degree of bone erosions (AU) by micro-CT analysis in WT (n=7), 
TNF-tg (n=8), 11βKO (n=7) and TNF11βKO (n=6) animals receiving control or 100 
mg/L corticosterone WT (n=6), TNF-tg (n=8), 11βKO (n=8) and TNF11βKO (n=8) in the 
drinking water for three weeks. (B) Representative images of reconstructed front paw 
micro-CT scans. Arrows indicate bone erosions. Data is presented as mean ± SEM and 
statistical significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (*** denotes P≤0.001). 
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To examine joint histology, elbow joint sections were H&E stained, prior to quantification 

of pannus invasion using ImageJ software. Pannus invasion (highlighted in yellow) was 

apparent in untreated TNF-tg animals and significantly suppressed with GC treatment 

(Fig 5.5 A). In TNF11βKO animals, pannus invasion was not significantly suppressed in 

the GC treatment group. TNF11βKO mice receiving oral corticosterone showed 

significantly higher levels of pannus formation compared to corticosterone treated TNF- 

tg animals (TNF-tg Cort 0.02 AU ± 0.01 vs TNF11βKO Cort 0.15 AU ± 0.03, P≤0.001) 

(Fig 5.5 A). Therefore, GC activation by 11β-HSD1 is required for GC-induced 

suppression of pannus formation. 
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Figure 5. 5: Analysis of pannus formation in TNF-tg and TNF11βKO animals 

 

 
 
 
 

(A) ImageJ analysis of pannus invasion (AU) in the elbow joints of WT (n=6), TNF-tg 
(n=6), 11βKO (n=5) and TNF11βKO (n=3) mice receiving control or 100 mg/L 
corticosterone (n=6 per group) in the drinking water for three weeks by H&E staining. (B) 
Representative images of H&E stained elbow sections of WT, TNF-tg, 11βKO and 
TNF11βKO animals receiving control or 100 mg/L corticosterone drinking water for three 
weeks. Pannus invasion is highlighted in yellow. Data is presented as mean ± SEM and 
statistical significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (*** denotes P≤0.001). 
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Chemokine expression was also analysed by qPCR analysis of tibia RNA. The monocyte 

chemoattractant Ccl2 was potently suppressed with GC treatment in TNF-tg animals. In 

TNF11βKO mice GC treatment failed to suppress Ccl2 levels and levels were significantly 

higher in TNF11βKO animals receiving oral corticosterone compared to corticosterone 

treated TNF-tg animals (TNF-tg Cort 0.0004 AU ± 0.0001 vs TNF11βKO Cort 0.0018 AU 

± 0.0004, P≤0.001) (Fig 5.6 A). Another monocyte/macrophage chemoattractant Cxcl10 

was assessed and showed a significant decrease in TNF-tg mice receiving GC treatment 

compared to their controls. This was not apparent in TNF11βKO animals receiving 

corticosterone compared to untreated TNF11βKO animals, with a significant increase 

being observed between TNF11βKO and TNF-tg GC treatment groups (TNF-tg Cort 

0.0002  AU ± 0.00002 vs  TNF11βKO Cort 0.0007  AU ± 0.00011, P≤0.05)  (Fig 5.6  B). 

Analysis of the neutrophil chemoattractant Cxcl2 revealed no significant changes 

amongst the groups, however untreated TNF-tg animals had a trend towards suppressed 

levels of the chemokine upon GC treatment. Levels of Cxcl10 did not appear to be 

upregulated in TNF11βKO compared to non-inflammatory controls (Fig 5.6 C). Overall, 

these data indicate that the loss of GC activation by 11β-HSD1 in TNF11βKO animals 

results in them being unable to suppress chemokines in response to GC treatment. 
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Figure 5. 6: GCs fail to suppress pro-inflammatory chemokines in TNF11βKO 
animals 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
qPCR analysis of gene expression (AU) of (A) Ccl2, (B) Cxcl10 and (C) Cxcl2 in tibias 
from WT (n=4), TNF-tg (n=6), 11βKO (n=4) and TNF11βKO (n=6) mice receiving 
vehicle control or 100 mg/L corticosterone WT (n=5), TNF-tg (n=6), 11βKO (n=5) and 
TNF11βKO (n=5) in the drinking water for three weeks. Data is presented as mean ± 
SEM and statistical significance was determined using two-way ANOVA with Tukey’s 
multiple comparisons test (* denotes P≤0.05, ** denotes P≤0.01 *** denotes P≤0.001). 

 
 
 

TRAP +ve osteoclast numbers were examined at the pannus/bone interface to assess 

their role in inflammatory bone loss in TNF-tg and TNF11βKO animals receiving 

corticosterone. At the humerus-ulna joint interface GC treatment potently reduced 

osteoclast  number  in  TNF-tg  animals  but  failed  to  suppress  osteoclast  numbers in 



190  

TNF11βKO animals. TNF11βKO animals treated with corticosterone had a significantly 

higher number of juxta-articular osteoclasts relative to TNF-tg mice receiving 

corticosterone treatment (TNF-tg Cort 1.5 AU ± 0.3 vs TNF11βKO Cort 19.8 AU ± 3.8, 

P≤0.001) (Fig 5.7). This suggests that GC activation by 11β-HSD1 is required for the 

suppression of osteoclasts at sites of joint inflammation in animals receiving 

corticosterone. 
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Figure 5. 7: Osteoclast counts at the elbow joints of TNF-tg and TNF11βKO 
corticosterone treated animals 

(A) Osteoclast numbers (AU) at the head of the elbow joints determined by TRAP 
stains in WT (n=3), TNF-tg (n=5), 11βKO (n=3) and TNF11βKO (n=3) mice receiving 
control or 100 mg/L corticosterone WT (n=3), TNF-tg (n=4), 11βKO (n=3) and 
TNF11βKO (n=6) in the drinking water for three weeks. (B) Representative images of 
TRAP stains in WT, TNF-tg, 11βKO and TNF11βKO animals receiving control or 100 
mg/L corticosterone drinking water for three weeks, with osteoclasts stained red. Data 
is presented as mean ± SEM and statistical significance was determined using two- 
way ANOVA with Tukey’s multiple comparisons test (** denotes P≤0.01, *** denotes 
P≤0.001). 
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Further analysis of the joint was performed by investigating the role of 11β-HSD1 in 

cartilage damage. Safranin O staining of cartilage at the elbow joints of mice showed a 

trend towards decreased total cartilage area in both TNF-tg and TNF11βKO mice, 

compared to their non-inflammatory control groups, WT and 11βKO animals. This 

decrease was not ameliorated by corticosterone treatment in either TNF-tg or TNF11βKO 

animals (Fig 5.8 B). As previously mentioned, safranin O stain intensity is proportional to 

proteoglycan content of cartilage, therefore the percentage of intense staining areas were 

determined to assess the proportion of proteoglycan-rich areas of the joints (295). WT 

animals treated with corticosterone showed a trend towards decreased stain intensity 

compared to untreated controls. This was reduced further in the untreated TNF-tg group 

compared to WT mice. TNF11βKO animals showed a similar trend towards decreased 

intensity compared to 11βKO animals, indicating a detrimental effect of inflammation on 

proteoglycan content. However, corticosterone treatment had no beneficial effect on the 

staining intensity of TNF-tg or TNF11βKO mice (Fig 5.8 C). Finally, proteoglycan loss was 

analysed by measuring areas of the cartilage where stain was completely lost relative to 

total cartilage area. WT animals receiving oral corticosterone demonstrated a trend 

towards increased areas of proteoglycan loss compared to their untreated counterparts. 

TNF-tg animals also exhibited a trend towards increased proteoglycan loss compared to 

WT animals, thus further indicating potential negative effects of GCs and inflammation on 

proteoglycans. Again, corticosterone treatment in TNF-tg animals did not ameliorate the 

negative effects of inflammation on proteoglycan loss and, in fact, showed a trend towards 

increased loss of proteoglycans compared to untreated controls. In contrast, 

corticosterone treated 11βKO animals did not display an increase in proteoglycan loss 

compared to their relative  controls.  A trend towards  increased proteoglycan  loss  was 
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apparent in TNF11βKO animals compared to 11βKO controls, however, contrary to TNF- 

tg animals, this was not exacerbated by GC treatment (Fig 5.8 D). These data therefore 

indicate that the negative effect of GCs on proteoglycan loss is mediated by GCs activated 

by 11β-HSD1 in TNF-tg animals receiving corticosterone. 
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Figure 5. 8: Analysis of cartilage damage in GC treated TNF-tg and TNF11βKO 
animals 

(A) Representative images of safranin O stained cartilage in elbows of WT, TNF-tg, 
11βKO and TNF11βKO mice receiving control or 100 mg/L corticosterone in the drinking 
water for three weeks. (B) Total cartilage area (%) relative to head of joint, (C) stain 
intensity (%) relative to total stain and (D) proteoglycan loss (%) relative to total cartilage 
in WT (n=5), TNF-tg (n=6), 11βKO (n=5) and TNF11βKO (n=3) mice receiving control 
or 100 mg/L corticosterone WT (n=6), TNF-tg (n=5), 11βKO (n=6) and TNF11βKO (n=6) 
in the drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple comparisons 
test (*** denotes P≤0.001). 
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Overall, the data collected from the global 11β-HSD1 KO mouse crossed with the TNF- 

tg model of chronic inflammation suggest that the therapeutic effects of GCs in RA, 

namely reductions in clinical parameters, pro-inflammatory cytokine production, juxta- 

articular bone erosions and synovitis, are mediated via GC activation by 11β-HSD1 

metabolism. 

 
 
 
5.4.3 GCs suppress inflammation in a mesenchymal specific 11β-HSD1 KO mouse 

In order to determine which cell populations expressing 11β-HSD1 are responsible for 

mediating the 11β-HSD1 dependent therapeutic effects of GC treatment, cell specific 

11β-HSD1 KO mice were utilised. Fibroblasts have been heavily implicated as drivers of 

the inflammatory response in RA (325). Thus, the mesenchymal-specific 11β-HSD1 KO 

mouse was generated and crossed with the TNF-tg model to produce the TNF-Twist2 

mouse. These mice were subjected to the same corticosterone treatment as previously 

reported with the global TNF11βKO animals which resulted in adrenal atrophy (Fig 5.9). 
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Figure 5. 9: Adrenal weights of TNF-tg and TNF-Twist2 animals receiving GC 
treatment 

 
 

 
 
 

 
Adrenal weights (mg) of TNF-tg (n=5) and TNF-Twist2 (n=2) receiving control or 
corticosterone TNF-tg (n=13) and TNF-Twist2 (n=6) in the drinking water for three 
weeks. Data is presented as mean ± SEM and statistical significance was determined 
using two-way ANOVA with Tukey’s multiple comparisons test (*** denotes P≤0.001). 

 
 
 
 
 
TNF-Twist2 animals responded remarkably similarly to TNF-tg mice, with similar clinical 

and arthritic paw scores in untreated animals, and a comparable suppression of these 

scores in both corticosterone treated groups (Clinical scores: TNF-Twist2 6.25 AU ± 0.5 

vs TNF-Twist2 Cort 3.20 AU ± 1.9, P≤0.05; Arthritic paw scores: TNF-Twist2 7.25 AU ± 

0.5 vs TNF-Twist2 Cort 3.20 ± 1.92, P≤0.001) (Fig 5.10). These data suggest that 

activation of GCs by mesenchymal derived 11β-HSD1 is not necessary for suppression 

of clinical signs of disease activity. 
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Figure 5. 10: GCs potently suppress markers of disease activity in TNF-Twist2 
animals comparable to TNF-tg animals 

(A) Clinical scores and (B) arthritic paw scores (AU) of WT (n=5), TNF-tg (n=5), WT- 
Twist2 (n=3) and TNF-Twist2 (n=4) mice receiving control or 100 mg/L corticosterone 
(n=5 per group) in the drinking water for three weeks. Data is presented as mean ± 
SEM and statistical significance was determined using two-way ANOVA with Tukey’s 
multiple comparisons test (* denotes P≤0.05, *** denotes P≤0.001). 

 
 
 
 
 
 

Gene expression and serum ELISA analysis of pro-inflammatory cytokines was also 

performed to determine the effect of GCs on inflammation in these mouse genotypes. 

Gene expression of mTnf revealed a non-significant trend towards decreased levels in 

TNF-tg mice receiving oral corticosterone compared to untreated controls. Expression 

levels of mTnf were significantly suppressed in TNF-Twist2 animals treated with 

corticosterone relative to their untreated controls, whilst no significant differences were 

observed between both GC treatment groups (Fig 5.11 A). Gene expression levels of 

hTNF followed a similar pattern, with a significant decrease in hTNF in TNF-tg animals 
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receiving oral corticosterone and a non-significant decrease in hTNF levels in 

corticosterone treated TNF-Twist2 mice compared to their respective controls. Again, no 

difference was observed between GC treatment groups (Fig 5.11 B). Thus, GC treatment 

decreases both mTnf and hTNF gene expression levels to a similar extent in TNF-tg and 

TNF-Twist2 animals. Serum levels of IL-6 were also analysed. Whilst serum IL-6 levels 

were completely suppressed in response to corticosterone treatment in TNF-tg animals, 

IL-6 persisted in the serum of TNF-Twist2 animals receiving corticosterone (Fig 5.11 C). 

Gene expression analysis of il1 revealed significant suppression in both GC treatment 

groups compared to their relevant untreated controls, with no difference observed 

between the two treatment groups (Fig 5.11 D). Overall, these data suggest that activation 

of GCs by mesenchymal-derived 11β-HSD1 may be partially responsible for suppressing 

IL-6 during inflammation but does not appear to affect other pro-inflammatory cytokines. 
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Figure 5. 11: Pro-inflammatory cytokine analysis in TNF-tg and TNF-Twist2 
animals 

qPCR analysis of gene expression (AU) of (A) mTnf, (B) hTNF and (D) il1 in tibias from 
TNF-tg (n=6) and TNF-Twist2 (n=6) animals receiving vehicle control or 100 mg/L 
corticosterone TNF-tg (n=6) and TNF-Twist2 (n=5) in the drinking water for three weeks. 
(C) ELISA analysis of serum IL-6 (ng/ml) in TNF-tg (n=5) and TNF-Twist2 (n=4) animals 
receiving control or 100 mg/L corticosterone TNF-tg (n=6) and TNF-Twist2 (n=6) in the 
drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple comparisons 
test (* denotes P≤0.05, ** denotes P≤0.01, *** denotes P≤0.001). 
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5.4.4   Impact of GC treatment on the joints of TNF-Twist2 mice 
 
To analyse the impact of mesenchymal-derived 11β-HSD1 metabolism on the therapeutic 

effects of GCs at the joint, front paws of TNF-Twist2 animals were excised post mortem 

for micro-CT and histological analysis. Following micro-CT scanning and reconstruction, 

front paws were scored for the prevalence and severity of bone erosions. Corticosterone 

treatment induced a significant reduction in bone erosions in the TNF-tg animals 

compared to their untreated counterparts. TNF-Twist2 mice appeared to show a trend 

towards less bone erosions than untreated TNF-tg mice. Corticosterone treatment did not 

reduce erosions compared to untreated TNF-Twist2 animals, however no difference was 

observed between GC treatment groups (Fig 5.12). 
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Figure 5. 12: Analysis of bone erosions in TNF-tg and TNF-Twist2 animals 
treated with GCs 
(A) Quantification of degree of bone erosions (AU) by micro-CT analysis in TNF-tg 
(n=8) and TNF-Twist2 (n=6) animals receiving control or 100 mg/L corticosterone TNF- 
tg (n=8) and TNF-Twist2 (n=6) in the drinking water for three weeks. (B) 
Representative images of reconstructed front paw micro-CT scans from TNF-tg and 
TNF-Twist2 animals receiving control or 100 mg/L corticosterone in the drinking water 
for three weeks. Arrows indicate bone erosions. Data is presented as mean ± SEM 
and statistical significance was determined using two-way ANOVA with Tukey’s 
multiple comparisons test (*** denotes P≤0.001). 



202  

Further analysis of the joint was performed by H&E staining of elbow joints from TNF- 

Twist2 animals in order to assess the degree of synovitis and pannus invasion among the 

different genotypes and treatments. Untreated TNF-Twist2 animals had comparable 

levels of pannus invasion compared to untreated TNF-tg animals, and both these 

genotypes were able to potently suppress synovitis upon GC treatment (TNF-Twist2 0.16 

AU ± 0.03 vs TNF-Twist2 Cort 0.05 AU ± 0.01, P≤0.05) (Fig 5.13). This suggests that GC 

activation by 11β-HSD1 within the mesenchyme is not necessary for suppression of 

synovitis and pannus invasion into the joint. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. 13: Analysis of pannus formation in TNF-tg and TNF-Twist2 
corticosterone treated animals 

(A) ImageJ analysis of pannus invasion (AU) in the elbow joints of TNF-tg and TNF- 
Twist2 mice (n=6 per group) receiving control or 100 mg/L corticosterone in the drinking 
water for three weeks. (B) Representative images of H&E stained elbow sections of 
TNF-tg and TNF-Twist2 animals receiving control or 100 mg/L corticosterone in the 
drinking water for three weeks. Pannus invasion is highlighted in yellow. Data is 
presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05). 
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The expression of pro-inflammatory chemokines was also assessed from the tibia RNA 

of these mice. The monocyte/macrophage chemoattractant Ccl2 was significantly 

suppressed upon corticosterone treatment in both TNF-tg and TNF-Twist2 animals (TNF- 

Twist2  0.0013  AU  ±  0.0004  vs  TNF-Twist2  Cort  0.0003  AU  ±  0.00005,  P≤0.01). 

Additionally, untreated TNF-Twist2 animals showed a non-significant trend towards 

decreased expression of this chemokine in comparison to untreated TNF-tg mice (Fig 

5.14 A). Another monocyte/macrophage chemoattractant Cxcl10 showed a similar trend 

towards decreased levels in untreated TNF-Twist2 animals compared to untreated TNF- 

tg animals. However, whilst a significant decrease in Cxcl10 levels was observed in TNF- 

tg mice in response to GC treatment, this was not the case in TNF-Twist2 animals which 

exhibited comparable levels between the untreated and corticosterone treated groups 

(TNF-Twist2 0.0005 AU ± 0.00008 vs TNF-Twist2 Cort 0.0004 AU ± 0.00007, P=0.4) (Fig 

5.14 B). The neutrophil chemoattractant Cxcl2 exhibited no significant changes amongst 

the groups, however both genotypes displayed a trend towards decreased Cxcl2 levels 

when treated with GCs (Fig 5.14 C). Overall, these data indicate that activation of GCs 

by mesenchymal-derived 11β-HSD1 contributes to decreases in Cxcl10 expression in 

response to GC treatment, but does not affect the expression of Ccl2 or Cxcl2 in TNF-tg 

mice. 
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Figure 5. 14: GCs suppress pro-inflammatory chemokines in TNF-tg and TNF- 
Twist2 mice 

qPCR analysis of gene expression (AU) of (A) Ccl2, (B) Cxcl10 and (C) Cxcl2 in tibias 
from TNF-tg (n=6) and TNF-Twist2 (n=6) mice receiving vehicle control or 100 mg/L 
corticosterone TNF-tg (n=6) and TNF-Twist2 (n=5) in the drinking water for three 
weeks. Data is presented as mean ± SEM and statistical significance was determined 
using two-way ANOVA with Tukey’s multiple comparisons test (** denotes P≤0.01, *** 
denotes P≤0.001). 

 
 
 
 

TRAP +ve osteoclast numbers were assessed at the pannus to examine their role in 

inflammatory bone loss in TNF-tg and TNF-Twist2 animals receiving corticosterone. 

Analysis of osteoclasts at these joints revealed that corticosterone treatment induced 

significant reductions in  osteoclast  numbers in  both  TNF-tg  and TNF-Twist2  animals 
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(TNF-Twist2  16.5  AU  ± 4.5  vs  TNF-Twist2  Cort  3.8  AU  ±  1.4,  P≤0.05)  (Fig 5.15). 
 

Therefore, these data indicate that activation of GCs by mesenchymal 11β-HSD1 is not 

necessary to reduce osteoclast numbers at the joint in TNF-tg animals. 

 
 
 
 

Figure 5. 15: Osteoclast counts at the elbow joints of TNF-tg and TNF-Twist2 
corticosterone treated animals 

(A) Osteoclast numbers (AU) at the head of elbow joints determined by TRAP stains 
of TNF-tg (n=5) and TNF-Twist2 (n=6) mice receiving control or 100 mg/L 
corticosterone TNF-tg (n=4) and TNF-Twist2 (n=6) in the drinking water for three 
weeks. (B) Representative images of TRAP stains in TNF-tg and TNF-Twist2 animals 
receiving control or 100 mg/L corticosterone in the drinking water for three weeks, 
with osteoclasts stained red. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (* denotes P≤0.05). 

 
 
 

Finally, analysis of the cartilage was performed by safranin O staining to investigate the 

contribution of GC activation by mesenchymal 11β-HSD1 to cartilage destruction. Both 

total cartilage area and staining intensity showed no significant differences amongst the 

groups, with TNF-Twist2 animals responding to GC treatment similarly to TNF-tg animals 
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(Fig 5.16 B-C). Proteoglycan loss also showed no significant differences, however whilst 

a trend towards increased proteoglycan loss was observed in TNF-tg animals treated with 

GCs, this was not observed in TNF-Twist2 animals. TNF-Twist2 animals receiving oral 

corticosterone appeared to have less proteoglycan loss than corticosterone treated TNF- 

tg animals (Fig 5.16 C). This suggests that GC activation by 11β-HSD1 within 

mesenchymal cell populations may play a role in proteoglycan loss in the cartilage in 

response to therapeutic GCs. 
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Figure 5. 16: Analysis of the cartilage of TNF-tg and TNF-Twist2 animals 
following GC treatment 

(A) Representative images of safranin O stained cartilage in the elbows of TNF-tg and 
TNF-Twist2 animals receiving control or 100 mg/L corticosterone in the drinking water 
for three weeks. (B) Total cartilage area (%) relative to the head of the joint, (B) stain 
intensity (%) relative to total stain and (D) proteoglycan loss (%) relative to total 
cartilage in TNF-tg (n=6) and TNF-Twist2 (n=5) animals receiving control or 100 mg/L 
corticosterone TNF-tg (n=5) and TNF-Twist2 (n=6) in the drinking water for three 
weeks. Data is presented as mean ± SEM and statistical significance was determined 
using two-way ANOVA with Tukey’s multiple comparisons test. 

 
 
 

Taken together, the TNF-tg mouse with a mesenchymal specific 11β-HSD1 knockout 

responds to GC treatment in a largely similar fashion as the TNF-tg animals, in terms of 
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reduced clinical disease parameters, pro-inflammatory cytokines, synovitis and 

osteoclast numbers. However, some differences are observed in the TNF-Twist2 animals 

treated with corticosterone, specifically a persistence of certain pro-inflammatory factors; 

IL-6 and Cxcl10, an inability to reduce bone erosions and a potential decrease in cartilage 

destruction. 

 
 
 
5.4.5   GCs suppress inflammation in a myeloid specific 11β-HSD1 mouse 

 
Since 11β-HSD1 within mesenchymal cell populations did not appear to mediate the 

therapeutic effects of GCs, the contribution of 11β-HSD1 in myeloid cells to the 

therapeutic actions of GCs was investigated. 11β-HSD1 metabolism of GCs within 

macrophages has been shown to drive the cells towards the pro-resolution M2 

phenotype, and may represent a mechanism whereby GCs mediate their therapeutic 

effects in chronic polyarthritis where inflammatory macrophages play a role in disease 

pathophysiology (158). Therefore, a myeloid-specific 11β-HSD1 KO mouse was crossed 

with the TNF-tg animals (TNF-LysM) and administered 100 mg/L corticosterone in the 

drinking water for three weeks. This treatment induced significant adrenal atrophy in both 

TNF-tg and TNF-LysM animals (Fig 5.17). 
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Figure 5. 17: Adrenal weights of TNF-tg and TNF-LysM animals receiving GC 
treatment 

Adrenal weights (mg) of TNF-tg (n=5) and TNF-LysM (n=6) receiving control or 
corticosterone TNF-tg (n=13) and TNF-LysM (n=6) in the drinking water for three 
weeks. Data is presented as mean ± SEM and statistical significance was determined 
using two-way ANOVA with Tukey’s multiple comparisons test (** denotes P≤0.01, *** 
denotes P≤0.001). 

 
 
 

As previously reported, corticosterone treatment induced a significant reduction in clinical 

scores in TNF-tg mice. However, the clinical scores of TNF-LysM animals were not 

reduced at day 55 upon corticosterone treatment, and TNF-LysM animals receiving oral 

corticosterone had significantly higher clinical scores than corticosterone treated TNF-tg 

mice (TNF-tg Cort 3.6 AU ± 0.9 vs TNF-LysM Cort 5.5 AU ± 1.6, P≤0.05) (Fig 5.18 A). 

The arthritic paw scores of untreated TNF-LysM mice were significantly higher than 

untreated TNF-tg animals (TNF-tg 7.3 AU ± 0.8 vs TNF-LysM 9.4 AU ± 1.0, P≤0.05), 

indicating a worsened basal arthritis in mice lacking myeloid 11β-HSD1. Upon 

corticosterone treatment, both groups demonstrated a significant reduction in arthritic paw 

scores. However, TNF-LysM mice treated with corticosterone retained significantly higher 

arthritic paw scores than corticosterone treated TNF-tg animals (TNF-tg Cort 2.2 AU ± 
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0.8 vs TNF-LysM Cort 4.7 AU ± 1.6, P≤0.01) (Fig 5.18 B). Overall, these data indicate 

that mice lacking myeloid 11β-HSD1 may possess a partial resistance to the therapeutic 

effects of exogenous GC treatment. 

 
 

 

Figure 5. 18: Clinical and arthritic paw scores of TNF-tg and TNF-LysM mice with 
or without GC treatment 

(A) Clinical scores and (B) arthritic paw scores (AU) in TNF-tg and TNF-LysM mice 
receiving control or 100 mg/L corticosterone in the drinking water for three weeks (n=6 
per group). Data is presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Tukey’s multiple comparisons test (* denotes 
P≤0.05, ** denotes P≤0.01, *** denotes P≤0.001). 

 
 
 

Analysis of pro-inflammatory cytokines revealed a trend towards decreased levels of 

mTnf in both TNF-tg and TNF-LysM animals treated with GCs (Fig 5.19 A). Similarly, a 

non-significant trend towards decreased levels of hTNF was observed in TNF-tg animals 

receiving corticosterone treatment compared to their untreated controls, and a significant 
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decrease was recorded in GC treated TNF-LysM relative to untreated counterparts (Fig 
 
5.19 B). Additionally, serum levels of IL-6 and gene expression levels of il1 were 

significantly suppressed upon GC treatment in both genotypes (TNF-LysM 6.03  ng/ml ± 

1.98 vs TNF-LysM -2.10 ng/ml ± 0.80, P≤0.05) (Fig 5.19 C-D). Thus, despite the 

significantly higher arthritic paw scores associated with the GC treated TNF-LysM mice 

compared to GC treated TNF-tg mice, pro-inflammatory cytokines are effectively 

suppressed by GC treatment to a similar level. 
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Figure 5. 19: Analysis of pro-inflammatory cytokines in corticosterone treated 
TNF-tg and TNF-LysM animals 
qPCR analysis of gene expression (AU) of (A) mTnf, (B) hTNF and (D) il1 in tibias from 
TNF-tg and TNF-LysM animals receiving control or 100 mg/L corticosterone in the 
drinking water for three weeks (n=6 per group). (C) ELISA analysis of serum IL-6 
(ng/ml) in TNF-tg (n=8) and TNF-LysM (n=5) animals receiving control or 100 mg/L 
corticosterone TNF-tg (n=7) and TNF-LysM (n=4) in the drinking water for three weeks. 
Data is presented as mean ± SEM and statistical significance was determined using 
two-way ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, ** denotes 
P≤0.01, *** denotes P≤0.001). 
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5.4.6   Impact of GC treatment on the joints of TNF-LysM mice 
 
To analyse the contribution of GC activation by myeloid derived 11β-HSD1 to the specific 

therapeutic actions of GCs at the joint, front paws were collected for both micro-CT and 

histological analysis. Micro-CT analysis of bone erosions revealed a significant decrease 

in erosion scores upon treatment with corticosterone in TNF-tg animals, whilst TNF-LysM 

animals receiving GCs were resistant to these effects. TNF-LysM animals receiving GCs 

had a significantly increased severity of bone erosions compared to TNF-tg animals 

treated with GCs (TNF-tg Cort 5.19 AU ± 1.93 vs TNF-LysM Cort 14.83 AU ± 1.87, 

P≤0.001) (Fig 5.20). 
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Figure 5. 20: Analysis of bone erosions in TNF-tg and TNF-LysM animals treated 
with GCs 

(A) Quantification of degree of bone erosions (AU) by micro-CT analysis in TNF-tg 
(n=8) and TNF-LysM (n=5) animals receiving control or 100 mg/L corticosterone TNF- 
tg (n=8) and TNF-LysM (n=6) in the drinking water for three weeks. (B) Representative 
images of reconstructed front paw micro-CT scans of TNF-tg and TNF-LysM animals 
receiving control or 100 mg/L corticosterone in the drinking water for three weeks. 
Arrows indicate bone erosions. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple comparisons 
test (*** denotes P≤0.001). 
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The degree of inflammatory infiltrate and pannus invasion into the underlying bone was 

assessed by ImageJ analysis of H&E stained elbow joints. Synovitis was significantly 

suppressed in both TNF-tg and TNF-LysM animals in response to corticosterone 

treatment (TNF-LysM 0.19 AU ± 0.03 vs TNF-LysM Cort 0.06 AU ± 0.02, P≤0.05) (Fig 

5.21). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. 21: Analysis of pannus formation in TNF-tg and TNF-LysM 
corticosterone treated animals 

(A) ImageJ analysis of pannus invasion (AU) in the elbow joints of TNF-tg (n=6) and 
TNF-LysM (n=5) mice receiving control or 100 mg/L corticosterone TNF-tg (n=6) and 
TNF-LysM (n=5) in the drinking water for three weeks. (B) Representative images of 
H&E stained elbow sections of control and three weeks of 100 mg/L oral corticosterone 
treated TNF-tg and TNF-LysM animals. Pannus invasion is highlighted in yellow. Data 
is presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05). 

 
 
 
 

 

Gene expression levels of pro-inflammatory chemokines were analysed from RNA 

isolated from the tibia of these mice. The macrophage/monocyte chemoattractant 

molecules, Ccl2 and Cxcl10, were significantly suppressed in response to GC treatment 

in both TNF-tg and TNF-LysM animals (Ccl2: TNF-LysM 0.0049 AU ± 0.001 vs TNF-LysM 
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Cort 0.0002 AU ± 0.00005, P≤0.001; Cxcl10: TNF-LysM 0.0011 AU ± 0.0002 vs TNF- 
 
LysM Cort 0.0002 AU ± 0.00003, P≤0.001) (Fig 5.22 A-B). The neutrophil 

chemoattractant, Cxcl2, exhibited a trend towards decreased levels in TNF-tg mice 

treated with corticosterone compared to their untreated controls. Untreated TNF-LysM 

mice also demonstrated a non significant decrease compared to untreated TNF-tg mice 

and corticosterone treatment in TNF-LysM animals further decreased Cxcl2 levels (Fig 

5.22 C). Therefore, GC activation by myeloid 11β-HSD1 is not required to suppress pro- 

inflammatory chemokines in response to GC treatment. 
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Figure 5. 22: Analysis of pro-inflammatory chemokines in TNF-tg and TNF-LysM 
mice 

qPCR analysis of gene expression (AU) of (A) Ccl2, (B) Cxcl10 and (C) Cxcl2 in tibias 
from TNF-tg (n=6) and TNF-LysM (n=5) animals receiving control or 100 mg/L 
corticosterone TNF-tg (n=6) and TNF-LysM (n=6) in the drinking water for three weeks. 
Data is presented as mean ± SEM and statistical significance was determined using 
two-way ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, *** 
denotes P≤0.001). 

 
 
 
 
 

Analysis of osteoclast numbers at the elbow joints of the mice demonstrated a significant 

increase in osteoclasts in untreated TNF-LysM animals compared to untreated TNF-tg 

mice (TNF-tg 18 AU ± 3.15 vs TNF-LysM 35.8 AU ± 6.55, P≤0.05). Corticosterone 

treatment significantly suppressed the numbers of osteoclasts at the joints  in both TNF- 
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tg and TNF-LysM animals (TNF-LysM 35.8 AU ± 6.55 vs TNF-LysM Cort 7.4 AU ± 1.69, 

P≤0.001) (Fig 5.23). These data suggest that GC activation by myeloid 11β-HSD1 is not 

required for the suppression of osteoclast numbers associated with GC treatment. 

 

Figure 5. 23: Osteoclast counts at the elbow joints of TNF-tg and TNF-LysM 
corticosterone treated animals 

(A) Osteoclast numbers (AU) at the head of the elbow joints determined by TRAP 
stains in TNF-tg (n=5) and TNF-LysM (n=5) mice receiving control or 100 mg/L 
corticosterone TNF-tg (n=4) and TNF-LysM (n=5) in the drinking water for three weeks. 
(B) Representative images of TRAP stains in control and three weeks of 100 mg/L 
corticosterone treated TNF-tg and TNF-LysM animals, with osteoclasts stained red. 
Data is presented as mean ± SEM and statistical significance was determined using 
two-way ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, *** 
denotes P≤0.001). 

 
 
 

Lastly, safranin O staining of the elbow joints was performed to assess the degree of 

cartilage destruction in the mice. No significant changes were observed in terms of total 

cartilage area, stain intensity or proteoglycan loss amongst the genotypes or treatments 

(Fig 5.24). 
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Figure 5. 24: Analysis of the cartilage of TNF-tg and TNF-LysM animals following 
GC treatment 

(A) Representative images of safranin O stained cartilage in the elbows of TNF-tg and 
TNF-LysM animals receiving control or 100 mg/L corticosterone in the drinking water 
for three weeks. (B) Total cartilage area (%) relative to the head of the joint, (B) stain 
intensity (%) relative to total stain and (D) proteoglycan loss (%) relative to total 
cartilage in TNF-tg (n=6) and TNF-LysM (n=5) animals receiving control or 100 mg/L 
corticosterone TNF-tg (n=5) and TNF-LysM (n=6) in the drinking water for three weeks. 
Data is presented as mean ± SEM and statistical significance was determined using 
two-way ANOVA with Tukey’s multiple comparisons test. 

 
 
 
 
 

Overall, the TNF-tg mouse lacking myeloid derived 11β-HSD1 can still respond to GC 

treatment similarly to the TNF-tg animals by reducing synovitis, pro-inflammatory 

cytokines and pro-inflammatory chemokines, despite a reduced response in terms of 

clinical and arthritic paws scores and an inability to inhibit juxta-articular bone erosions. 
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Thus, since neither myeloid specific or mesenchymal specific 11β-HSD1 KO animals 

replicate the phenotype of the global KO mouse, it appears likely that a compensatory 

mechanism by which neighbouring cells can communicate GC signals exists. 

 
 
 
5.4.7   Interaction between fibroblasts and macrophages 

 
To investigate whether GCs can be activated by 11β-HSD1 in one cell and secreted to 

exert their effects on a neighbouring cell via paracrine signalling, conditioned media 

experiments were set up (Fig 5.25). 

 

Figure 5. 25: Set up of conditioned media experiments 

WT and 11βKO fibroblasts were cultured in the absence or presence of 11-DHC. 
Media was collected and used to treat 11βKO macrophages. Experiments were also 
performed in reverse with macrophages providing the conditioned media and FLS 
being treated. 
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First, macrophages isolated from both WT and 11β-HSD1 KO mice were treated in the 

absence or presence of the inactive murine GC 11-DHC (1000 nmol/L) and media 

collected from these cultures was used to treat fibroblasts isolated from 11β-HSD1 KO 

mice. Following this treatment, gene expression and media ELISA analysis were used to 

assess the response of the KO fibroblasts to GCs in the macrophage conditioned media. 

Gene expression levels of Gilz was significantly increased in KO fibroblasts treated with 

media from DHC treated WT macrophages, whilst this induction of Gilz was lost in KO 

fibroblasts treated with media from DHC treated KO macrophages (Fig 5.26 A). Similarly, 

both gene expression and protein levels of IL-6 were significantly suppressed when KO 

fibroblasts were treated with media from DHC treated WT macrophages, and this effect 

again was lost when KO fibroblasts were treated with media from DHC treated KO 

macrophages (Fig 5.26 B-C). Thus, these data indicate that macrophages are able to 

translate GC signals to the fibroblasts. 
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Figure 5. 26: Response of KO fibroblasts to GCs metabolised by WT & 11βKO 
macrophages 

Gene expression analysis (AU) by qPCR of (A) Gilz and (B) il6 and ELISA analysis 
(ng/ml) of (C) IL-6 in the media of 11β-HSD1 KO fibroblasts treated with media from 
either WT or 11β-HSD1 KO macrophages treated in the absence or presence of 11- 
DHC (n=3). Data is presented as mean ± SEM and statistical significance was 
determined using one-way ANOVA with Tukey’s multiple comparisons test. (** denotes 
P≤0.01, *** denotes P≤0.001). 

 
 
 
 

 

In order to investigate whether fibroblasts can communicate GC signals to macrophages, 

WT and KO fibroblasts were treated with or without 11-DHC and this media was used to 

treat KO macrophages. Gene expression levels of Gilz were significantly increased in KO 

macrophages treated with media from 11-DHC treated WT fibroblasts, but again this 

induction  was  lost  in  KO  macrophages  treated  with  media  from  DHC  treated   KO 
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fibroblasts (Fig 5.27 A). Additionally, gene expression of il6 showed a trend towards 

decreased levels in KO macrophages treated with media from DHC treated WT 

fibroblasts, an effect which was not present when KO macrophages were treated with 

media from 11-DHC treated KO fibroblasts (Fig 5.27 B). Therefore, these data suggest 

that fibroblasts can also communicate GC signals to the macrophage. 

 
 

Figure 5. 27: Response of KO macrophages to GCs metabolised by WT & 11βKO 
fibroblasts 

Gene expression analysis (AU) by qPCR of (A) Gilz and (B) il6 of 11β-HSD1 KO 
macrophages treated with media from either WT or 11β-HSD1 KO fibroblasts treated 
in the absence or presence of 11-DHC (n=3). Data is presented as mean ± SEM and 
statistical significance was determined using one-way ANOVA with Tukey’s multiple 
comparisons test. (* denotes P≤0.05) 

 
 
 

Finally, co-culture experiments were utilised in which KO fibroblasts were cultured on a 

plate and treated with active and inactive GCs either in the absence or presence of WT 

macrophages on an insert. In both KO fibroblast only and KO fibroblast with WT 

macrophage cultures, treatment with the active GC corticosterone could potently 

upregulate the GC-responsive gene Gilz. However, treatment with the inactive GC 11- 
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Figure 5. 28: Gilz expression in KO fibroblasts treated with DHC in the absence 
or presence of WT macrophages 

DHC was unable to upregulate Gilz in the KO fibroblast only cultures, and could only 

upregulate Gilz in the presence of WT macrophages (Fig 5.28). Thus, GCs can be 

activated by 11β-HSD1 within macrophages and secreted into the surrounding 

environment to exert effects on neighbouring fibroblasts. 

 

 
 
 

Gene expression analysis (AU) by qPCR of Gilz in 11β-HSD1 KO fibroblasts co- 
cultured with macrophages from either WT or 11β-HSD1 KO mice and treated in the 
absence or presence of 11-DHC (n=3). Data is presented as mean ± SEM and 
statistical significance was determined using one-way ANOVA with Tukey’s multiple 
comparisons test. (* denotes P≤0.05) 
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5.5    Discussion 
 
Therapeutic GCs are frequently used to treat chronic inflammatory diseases such as RA 

because of their potent anti-inflammatory properties. However, their long term use is 

limited, in part due to their detrimental metabolic adverse effects, such as osteoporosis, 

muscle wasting and obesity (159, 320). Therefore, it is important to fully understand the 

mechanisms that mediate GC signalling in response to therapeutic GCs to identify novel 

strategies to better target the beneficial anti-inflammatory effects whilst avoiding 

unwanted side effects. This chapter uses therapeutic GC treatment in the global 11β- 

HSD1 KO mouse crossed with the TNF-tg model of chronic inflammatory polyarthritis to 

determine the contribution of 11β-HSD1 activation of GCs to their therapeutic anti- 

inflammatory effects. Furthermore, myeloid specific and mesenchymal specific 11β- 

HSD1 KO mice were also utilised in an attempt to delineate the cell specific contributions 

of GC activation by 11β-HSD1 to their therapeutic effects. 

Clinical and arthritic paw scores were significantly reduced in response to GC treatment 

in TNF-tg animals, whilst TNF11βKO animals showed no response to GC treatment in 

terms of disease activity scores (Fig 5.2). In keeping with this, whilst TNF-tg animals 

potently suppressed pro-inflammatory cytokines such as TNF, IL-6 and IL-1 in response 

to corticosterone treatment, levels of pro-inflammatory cytokines in TNF11βKO mice 

remained persistently elevated with corticosterone treatment (Fig 5.3). Overall, 

TNF11βKO animals appear to be resistant to the anti-inflammatory effects of GCs 

suggesting that 11β-HSD1 amplification of exogenous GCs is a critical step required to 

mediate their beneficial effects. In patients with ANCA-associated vasculitis, a group of 

autoimmune diseases characterised by inflammation of the blood vessels, 

polymorphisms in the gene encoding 11β-HSD1 have been associated with an increased 
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risk of relapse after prednisolone treatment due to a pro-inflammatory phenotype, 

suggesting that defects in 11β-HSD1 in humans affects the efficacy of GC treatment 

(326). 

Additionally, previous studies have demonstrated the requirement for 11β-HSD1 when 

mediating anti-inflammatory effects to endogenous GCs. When STIA is induced in 11β- 

HSD1 KO mice, arthritis is significantly exacerbated (324). Similarly, 9-week old 

TNF11βKO animals have previously been shown to have significantly higher levels of 

arthritis and inflammation under basal conditions (157). In keeping with this, the results 

of the present study show that seven-week old TNF11βKO animals have significantly 

elevated arthritic paw scores (Fig 5.2 B). However, no significant increases were 

observed in pro-inflammatory cytokines at this time point (Fig 5.3). 

Chronic inflammatory arthritis is frequently associated with juxta-articular bone erosions 

(327). TNF-tg animals also develop significant local bone loss, which is significantly 

suppressed upon treatment with GCs. In contrast, TNF11βKO animals show no 

improvement of local bone erosions in response to GC treatment (Fig 5.4). Studies have 

shown the extent of synovitis strongly correlates with the development of bone erosions 

and thus controlling inflammation in RA patients can vastly improve the radiographic 

damage associated with the disease (327-331). The inability of TNF11βKO animals to 

suppress the pro-inflammatory chemokines CCL2, CXCL10 and CXCL2, responsible for 

attracting cells such as monocytes, macrophages and neutrophils, in response to GCs 

lead to the persistent accumulation of inflammatory infiltrate into the synovium (Fig 5.6 & 

5.5). Previously, 11β-HSD1 deficiency in both carrageenan-induced pleurisy and 

peritonitis resulted in increased recruitment of inflammatory cells (324). 
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TNFα has been shown to induce the release of osteoclast precursors into the circulation, 

which then migrate to sites of inflammation where the presence of osteoclastogenic 

cytokines triggers their maturation into mature bone resorbing osteoclasts (332). Whilst 

the TNF-tg animals could potently suppress osteoclasts in response to GCs, TNF11βKO 

animals were unable to do so, and osteoclast numbers remained unchanged in response 

to corticosterone treatment (Fig 5.7). The exact chemoattractant responsible for the 

migration of osteoclast precursors to the site of inflammation remains unknown, however 

CCL2 has been suggested as a possible mediator and has also been shown to promote 

osteoclast fusion and differentiation (333, 334). Overall, the inability of GCs to reduce 

bone erosions in the absence of 11β-HSD1 activity is likely due to the persistent pro- 

inflammatory cytokines and chemokines observed in the TNF11βKO mouse. 

Mesenchymal derived cells such as fibroblasts and osteoblasts potently upregulate 11β- 

HSD1 expression in response to treatment with pro-inflammatory cytokines (154). 

Additionally, fibroblasts have been implicated in the pathogenesis of RA. FLS recruit 

immune cells through expression of pro-inflammatory chemokines and cytokines, and 

prolong the survival of activated T cells (95). Thus, the mesenchymal specific 11β-HSD1 

KO mouse was used to investigate whether stromal 11β-HSD1 plays an important role in 

mediating the anti-inflammatory actions of GCs in chronic inflammatory polyarthritis. 

Interestingly, the TNF-Twist2 animals were almost identical to TNF-tg animals, in terms 

of both basal levels of inflammation in the untreated group and suppression of disease 

activity in response to GC treatment (Fig 5.9). These data indicate that GC activation by 

mesenchymal derived 11β-HSD1 is not required for suppression of inflammation by 

endogenous or exogenous GCs. We have previously observed that TNF-Twist2 animals 

have abrogated inflammation compared to TNF-tg animals at 9 weeks old, suggesting 
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that 11β-HSD1 in stromal populations plays a destructive role in inflammation (153). This 

reduced inflammation was not observed in the present study, however this is potentially 

due to the earlier time point chosen to study. 

Additionally, TNF-Twist2 animals retained the ability to suppress the pro-inflammatory 

cytokines TNFα and IL-1 in response to GC treatment. However, GC treatment was 

unable to suppress serum IL-6 in mice lacking mesenchymal 11β-HSD1 (Fig 5.11). 

Stromal cell populations have been shown to produce high levels of IL-6 during 

inflammation (335-338). Thus, 11β-HSD1 may be required to amplify the anti- 

inflammatory actions of GCs in mesenchymal cell populations to sufficiently inhibit this 

source of IL-6. 

Whilst TNF-tg animals have been shown to significantly reduce juxta-articular bone 

erosions in response to GCs, bone loss was not significantly reduced between GC treated 

and untreated TNF-Twist2 animals. However, bone erosions appeared to be reduced in 

TNF-Twist2 animals compared to TNF-tg mice under basal conditions and no difference 

was observed between the GC treatment groups (Fig 5.12). In support of this, we have 

previously found that the TNF-Twist2 animals have significantly less juxta-articular bone 

erosions than TNF-tg controls (339). Therefore, it is possible that mesenchymal 11β- 

HSD1 KO animals are still able to reduce bone erosions in response to corticosterone 

treatment, but statistical significance is not achieved due to the reduced severity of bone 

erosions in the untreated controls. Synovitis was also significantly reduced upon 

treatment with GCs in mice with mesenchymal 11β-HSD1, indicating that mesenchymal 

GC activation does not mediate the GC induced protection of the joint (Fig 5.13). 

Additionally, levels of the pro-inflammatory chemokines CCL2, CXCL10 and CXCL2 were 
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equally suppressed in TNF-Twist2 animals receiving oral corticosterone compared to 

TNF-tg animals. Furthermore, osteoclast numbers were suppressed in TNF-Twist2 to a 

similar extent as TNF-tg animals upon GC treatment (Fig 5.14). Whilst no significant 

changes were observed in the cartilage of the animals, TNF-tg mice showed a trend 

towards increased proteoglycan loss in response to GC treatment, while TNF-Twist2 

animals appeared to be somewhat protected from this (Fig 5.16). Overall, activation of 

GCs by mesenchymal 11β-HSD1 does not appear to be necessary for their therapeutic 

effects during chronic inflammation. 

11β-HSD1 metabolism of GCs within myeloid derived macrophages during inflammation 

has been shown to play an important role in the polarisation of macrophages towards a 

pro-resolution phenotype (158). Thus, since deletion of mesenchymal derived 11β-HSD1 

was not sufficient to replicate the phenotype of the global KO mouse, we hypothesised 

that myeloid derived 11β-HSD1 would be important in mediating this GC resistance 

phenotype. Therefore, the myeloid specific 11β-HSD1 KO mouse was crossed with the 

TNF-tg and utilised to examine the role that GC activation by myeloid 11β-HSD1 

metabolism plays in mediating the anti-inflammatory effects of GCs in chronic 

inflammatory polyarthritis. 

Arthritic paw scores were exacerbated, and osteoclast numbers were elevated in 

untreated TNF-LysM animals compared to TNF-tg counterparts, suggesting a role for 

myeloid derived 11β-HSD1 metabolism of endogenous GCs in resolving inflammation 

(Fig 5.18 and 5.23). A previous study showed that myeloid derived 11β-HSD1 KO mouse 

had a similar impairment of resolution of inflammation as global KO animals in a K/BxN 

STIA model of inflammatory arthritis (340). Additionally, 11β-HSD1 deficient 

macrophages have been shown to produce significantly higher levels of pro-inflammatory 
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cytokines in response to LPS stimulation (341). Whilst no significant changes were 

observed in pro-inflammatory cytokines expression between untreated TNF-LysM 

animals and TNF-tg controls, trends towards increased TNF and IL-1 were observed (Fig 

5.19). 

Interestingly, whilst TNF-LysM mice still exhibited significant suppression of arthritic paw 

scores in response to therapeutic GCs, this genotype had a blunted response to 

therapeutic GCs in terms of both clinical and arthritic paw scores compared to TNF-tg 

animals, suggesting an important contribution of myeloid derived 11β-HSD1 to the 

therapeutic effects of GCs (Fig 5.18). In contrast, TNF-LysM animals maintained the 

ability to potently suppress pro-inflammatory cytokines and chemokines, in addition to 

synovitis and osteoclast numbers at the elbow joints (Fig 5.19, 5.22, 5.21 and 5.23). 

However, despite significant reductions in pro-inflammatory factors and osteoclast 

numbers, TNF-LysM animals failed to suppress juxta-articular bone erosions in response 

to GC treatment (Fig 5.20). Further research could investigate whether synovitis and 

osteoclast numbers are reduced at the metacarpal and phalange bones of the front paw 

where the erosions are present, as there could be a differential response to GCs at 

different joint regions. No changes were observed in terms of cartilage destruction 

amongst the genotypes indicating that GC activation by myeloid derived 11β-HSD1 has 

no impact on proteoglycan production and cartilage damage (Fig 5.24). 

Previously, GC signalling in myeloid derived macrophages and neutrophils has been 

shown to be necessary for the therapeutic actions of GCs during contact hypersensitivity, 

whilst a separate study ruled out myeloid cells as the mediators of the therapeutic effects 

of GCs in antigen-induced arthritis (321, 323). Our data reveal a partial GC resistance 

phenotype in TNF-LysM mice, pointing towards a contribution of GC activation by myeloid 
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derived 11β-HSD1 metabolism to the therapeutic effects of GCs. We have previously 

shown that global 11β-HSD1 KO mice have impaired polarisation of macrophages 

towards the pro-resolution phenotype and another study showed that this was mediated 

by 11β-HSD1 within macrophage populations, thus indicating that the blunted response 

of the TNF-LysM mouse in the current study may be due to impaired polarisation of 

macrophages (157, 158). Further research could investigate the ratio of M1/M2 

macrophages in response to GCs in the different genotypes. 

However, since neither mesenchymal nor myeloid derived 11β-HSD1 KO mice 

completely recapitulated the phenotype of the global KO mouse, this suggests a 

compensatory mechanism by which neighbouring cells can communicate GC signals in 

a paracrine manner. In order to address this, conditioned media and co-culture 

experiments were implemented. 11β-HSD1 KO FLS cultures exposed to media from 11- 

DHC treated WT macrophages were able to potently upregulate the GC-responsive gene 

Gilz and suppress both gene expression and protein levels of the pro-inflammatory IL-6, 

despite lacking the ability to activate 11-DHC themselves. In contrast, this robust 

response to GCs was lost when 11β-HSD1 KO FLS were exposed to media from 11-DHC 

treated 11β-HSD1 KO macrophages (Fig 5.26). These data indicate that GCs can be 

activated by 11β-HSD1 in macrophages and transmitted to a neighbouring FLS to exert 

its effects. This was confirmed in co-culture experiments where KO FLS could respond to 

GCs in terms of increased Gilz expression in the presence of WT macrophages only (Fig 

5.28). Similarly, the same result was observed when KO macrophages were treated with 

conditioned media from WT and KO FLS, indicating that FLS can also activate and 

transmit GC signals to macrophages (Fig 5.27). Thus, paracrine signalling between cell 

types may explain the failure of cell specific 11β-HSD1 KO animals to fully replicate the 
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global KO mouse. Alternatively, this could be due to incomplete penetrance of the cre 

targeted deletion in these animals or the therapeutic effects of GCs could be driven by 

other 11β-HSD1 expressing cells such as T cells or B cells. Further research could use 

T and B cell specific 11β-HSD1 KO animals to address this. 

Overall, these data show that 11β-HSD1 is necessary to mediate the therapeutic effects 

of GCs during chronic inflammatory diseases. Previously, 11β-HSD1 inhibitors have been 

suggested to be used alongside GC treatment in an attempt to reduce their adverse side 

effects (70). However, our data suggest that this would severely interfere with the efficacy 

of the treatment. Furthermore, we have demonstrated that neighbouring cells can 

communicate GC signals. This information will prove important when attempting to target 

GCs to specific cell types in order to achieve the beneficial anti-inflammatory effects whilst 

avoiding the metabolic side effects. 
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6.1 Introduction 
 
As previously reported in Chapter 3, GCs have an initial net beneficial effect on bone 

when administered during chronic inflammation, through their suppression of 

inflammatory osteoclast differentiation and resorption. However, whilst 11β-HSD1 

mediates the detrimental actions of GCs in glucocorticoid induced osteoporosis (GIO) by 

suppressing osteoblastic bone formation (Chapter 4), the therapeutic actions of GCs, 

such as suppression of pro-inflammatory mediators, reduction of synovitis and reduction 

of joint erosions, have been shown to be dependent on GC activation by 11β-HSD1 

metabolism (Chapter 5). Thus, the question remains as to whether 11β-HSD1 mediates 

the protective effects of GCs on systemic bone during chronic inflammation. 

As described previously in section 1.4.7, 11β-HSD1 plays an important role in 

suppressing inflammation by the activation of endogenous GCs. Deletion of 11β-HSD1 in 

the TNF-tg mouse leads to significantly exacerbated inflammation and disease activity. 

In addition, the TNF11βKO mouse had significantly reduced systemic bone parameters, 

such as bone volume, trabecular thickness and trabecular number, compared to age 

matched TNF-tg animals. This was caused by a reduction in osteoblast differentiation, via 

suppression in Runx2, and an increase in osteoclastogenesis, via a suppression of OPG 

and an increase in M-CSF, likely driven by the increase in pro-inflammatory cytokines, 

such as TNFα and IL-6, observed in the TNF11βKO mouse (157). 

Osteoblasts have been shown to upregulate 11β-HSD1 in response to pro-inflammatory 

cytokines, thus osteoblasts may play an important role in responding to therapeutic GCs 

during inflammation (154). Disrupting GC signalling by overexpression of the GC- 

inactivating enzyme 11β-HSD2 specifically in mature osteoblasts and osteocytes has 

been shown to significantly ameliorate joint swelling, synovitis and cartilage destruction 



235  

in the STIA mouse model of chronic inflammatory arthritis (342). Furthermore, 

histomorphometry revealed that transgenic mice were protected from decreases in 

osteoblast and increases in osteoclast numbers in response to induction of arthritis. In 

keeping with this, bone volume and trabecular number were unchanged in transgenic 

mice upon arthritis induction, whilst these parameters were significantly reduced in WT 

K/BxN mice (342). We generated a mesenchymal specific 11β-HSD1 KO mouse, which 

targets cells such as osteoblasts, fibroblasts and chondrocytes, and crossed it with a 

TNF-tg mouse. Although no significant differences were observed in the systemic bone 

phenotype, TNF-tg animals lacking mesenchymal 11β-HSD1 had attenuated 

inflammation and less local bone erosions compared to normal TNF-tg mice (157). 

Currently, data investigating the effects of osteoclast derived 11β-HSD1 metabolism of 

GCs on inflammation and inflammatory bone loss are poorly defined. 

A clear link exists between inflammation and bone destruction, and controlling 

inflammation has been shown to have beneficial effects on the progression of bone 

erosions in patients with RA (343). Since 11β-HSD1 plays a profound role in the 

therapeutic effects associated with GC therapy, we wished to examine whether this 

enzyme also mediates the protective effects of GCs on the bone during chronic 

inflammation. Thus, this chapter utilises the global, mesenchymal and myeloid specific 

11β-HSD1 KO mice crossed with TNF-tg animals to examine the effect of therapeutic 

GCs on the bone in a chronic inflammatory environment in the absence of 11β-HSD1. 
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6.2 Hypothesis 
 
The protective effects of therapeutic GCs on the bone during chronic inflammation are 

mediated by activation via 11β-HSD1 metabolism. 



237  

6.3 Materials and Methods 
 
6.3.1 Animal experiments 

 
Heterozygous TNF-tg animals were bred according to section 2.1.1 and crossed with 

global (TNF11βKO), mesenchymal (TNF-Twist2) or myeloid (TNF-LysM) 11β-HSD1 KO 

mice (section 2.1.2 and 2.1.3). Four-week old mice were administered 100 mg/L 

corticosterone via the drinking water for three weeks (section 2.1.4). At seven weeks, 

animals were culled by cervical dislocation after exsanguination by cardiac puncture. 

Tissues were dissected and stored prior to use as previously described (section 2.1.4). 

 
 
 
6.3.2 Micro-CT analysis 

 
Formalin fixed tibias were stored in 70% ethanol at 4°C prior to scanning on a Skyscanner 

1172 (Bruker Micro-CT, Belgium) (see section 2.2). Tibias were reconstructed and 

analysed as described in section 2.2.1. 

 
 
 
6.3.3 ELISA analysis 

 
Blood was isolated from mice by cardiac puncture and allowed to clot for 30 minutes at 

room temperature prior to being centrifuged at 13,000 rpm for 30 minutes. Serum was 

aspirated into a fresh tube to be stored at -80°C until required. Serum levels of P1NP and 

CTX-1 were assessed by ELISA assays as outlined in sections 2.6.2.1 and 2.6.3.2, 

respectively. 
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6.3.4 Gene expression analysis 
 
Tibias were excised post mortem and homogenised in a pestle and mortar using liquid 

nitrogen. RNA was isolated using the innuPREP RNA Mini Kit 2.0 (AnalytikJena, Jena, 

Germany) as described in section 2.5.1. RNA purity and concentration were assessed 

using a NanoDropTM 1000 Spectrophotometer (ThermoFisher, Paisley, UK) and 700 ng 

RNA was used for the synthesis of cDNA with the High-Capacity cDNA Reverse 

Transcription Kit (ThermoFisher, Paisley, UK) as outlined in section 2.5.2. Quantitative 

real time PCR was utilised to measure the expression of genes in the tibias from different 

mouse groups (see section 2.5.3) using the Taqman probes listed in Supplementary 

Table 1 (Applied Biosystems). 

 
 
 
6.3.5 Statistical analysis 

 
GraphPad Prism software (GraphPad, San Diego, USA) was used to determine statistical 

significance. Two-way ANOVA analysis was used with a Tukey post hoc analysis to 

compare between treatment groups and genotypes unless otherwise stated in the figure 

legend. N numbers are recorded in the relevant figure legend. Statistical significance was 

determined as P≤0.05. * denotes P≤0.05, ** denotes P≤0.01 and *** denotes P≤0.001. 

 
 
 
 
 
6.4 Results 

 
6.4.1 Impact of GC treatment on the bone of TNF11βKO animals 

 
To examine the contribution of activation of GCs by 11β-HSD1 to the bone protective 

effect of GCs in chronic inflammation observed in Chapter 3, global 11β-HSD1 KO 
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animals were crossed with the TNF-tg mouse to generate the TNF11βKO mouse. After 

three weeks of treatment with corticosterone drinking water, tibias were scanned for 

micro-CT analysis. TNF-tg animals treated with GCs had a significant improvement in 

bone volume, trabecular number and trabecular separation compared to untreated 

controls (Fig 6.1 B, D & E). TNF11βKO animals also showed significant increases in bone 

volume and trabecular number upon corticosterone treatment, however the bone 

phenotype had not improved to the same extent as with TNF-tg animals treated with 

corticosterone, with GC treated TNF11βKO animals still having significantly lower bone 

volume and trabecular number compared to GC treated TNF-tg animals (BV/TV: TNF-tg 

Cort 4.25% ± 0.22 vs TNF11βKO Cort 2.83% ± 0.25, P≤0.01; Tb.N: TNF-tg Cort 0.0008 

1/µm ± 0.00003 vs TNF11βKO Cort 0.0006 1/µm ± 0.00004, P≤0.01) (Fig 6.1 B & D). 

Trabecular separation showed no improvements in TNF11βKO animals compared to their 

untreated controls (Fig 6.1 E). No significant differences were observed amongst the 

different groups in terms of trabecular thickness (Fig 6.1 C). Thus, 11β-HSD1 activation 

of GCs is at least partially responsible for their beneficial effects on the trabecular bone 

during chronic inflammation. 



240  

 

 

Figure 6. 1: Systemic bone parameters in TNF-tg and TNF11βKO animals treated 
with GCs 

(A) Representative images of reconstructed trabecular bone from tibia scans of TNF- 
tg and TNF11βKO animals receiving vehicle control or 100 mg/L corticosterone in the 
drinking water for three weeks. Micro-CT analysis of (B) bone volume (%) relative to 
total volume, (C) trabecular thickness (µm), (D) trabecular number (1/µm) and (E) 
trabecular separation (µm) of TNF-tg and TNF11βKO animals receiving vehicle control 
or 100 mg/L corticosterone in the drinking water for three weeks (n=6 per group). Data 
is presented as mean ± SEM and statistical significance was determined using two- 
way ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, ** denotes 
P≤0.01 and *** denotes P≤0.001). 
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ELISA analysis of serum and gene expression analysis of RNA from tibias of these mice 

were then performed to assess alterations in bone remodelling markers. Firstly, 

osteoblast markers were examined. The serum bone formation marker P1NP showed a 

non-significant decrease in levels in TNF-tg animals receiving oral corticosterone 

compared to their untreated counterparts, however, no difference was determined 

between GC treated TNF11βKO P1NP levels compared to their relevant controls (Fig 6.2 

A). A similar pattern was seen with the mature osteoblast marker Bglap, which was 

significantly suppressed upon corticosterone treatment in TNF-tg animals, but GC treated 

TNF11βKO animals were protected from this suppression (TNF-tg Cort 0.04 AU ± 0.02 

vs TNF11βKO Cort 0.41 AU ± 0.07, P≤0.001) (Fig 6.2 B). A second mature osteoblast 

marker Alpl showed a modest trend towards decreased levels in TNF-tg animals receiving 

oral corticosterone compared to untreated TNF-tg animals, which was no longer apparent 

in the TNF11βKO untreated and corticosterone treated groups. In fact, TNF11βKO 

animals receiving GC treatment had significantly higher levels of Alpl than TNF-tg mice 

receiving GC treatment (TNF-tg Cort 0.002 AU ± 0.0007 vs TNF11βKO Cort 0.007 AU ± 

0.0016, P≤0.05) (Fig 6.2 C). No corticosterone induced changes were observed in the 

expression levels of the osteoblast differentiation marker Runx2, however significantly 

higher levels were observed in untreated TNF11βKO animals compared to untreated 

TNF-tg animals (Fig 6.2 D). The wnt inhibitor Sost showed a trend towards increased 

levels in both TNF-tg and TNF11βKO GC treated groups compared to their untreated 

controls, whilst TNF11βKO animals were protected from the corticosterone induced 

decreases in Dkk1 observed in TNF-tg animals (Fig 6.2 E-F). Overall, these data suggest 

that  GC   activation   by   11β-HSD1   largely  protects   against corticosterone  induced 
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suppression of osteoblasts in chronic inflammation in a similar manner reported in 11βKO 

animals receiving corticosterone (Chapter 4). 

 

Figure 6. 2: Osteoblast markers in TNF-tg and TNF11βKO animals treated with 
GCs 

(A) ELISA analysis of serum P1NP (ng/ml) (n=6 per group) and qPCR analysis (AU) 
of (B) Bglap, (C) Alpl, (D) Runx2, (E) Sost and (F) Dkk1 in tibias from TNF-tg and 
TNF11βKO (n=6 per group) animals receiving control or 100 mg/L corticosterone in 
the drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (* denotes P≤0.05, ** denotes P≤0.01 and *** denotes P≤0.001). 
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Following this, osteoclast markers were assessed. Serum levels of the bone resorption 

marker CTX-1 showed a significant decrease in TNF-tg animals receiving oral 

corticosterone compared to untreated controls, however TNF11βKO animals were again 

protected from these changes (TNF11βKO 62.67 ng/ml ± 2.09 vs TNF11βKO Cort 52.04 

ng/ml ± 4.25, P=0.36) (Fig 6.3 A). In contrast, the RANKL/OPG ratio showed trends 

towards increases in both corticosterone treated groups compared to their controls (Fig 

6.3 B). The osteoclast activity and survival factors, Ctsk and Csf1, showed no significant 

changes amongst the groups (Fig 6.3 C-D). Thus, the systemic osteoclast activity marker 

is protected from corticosterone induced decreases in TNF11βKO animals, but 11β- 

HSD1 does not appear to affect local differentiation markers in the tibia. 
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Figure 6. 3: Osteoclast markers in TNF-tg and TNF11βKO animals treated with 
GCs 

(A) ELISA analysis of serum CTX-1 (ng/ml) in TNF-tg (n=6) and TNF11βKO (n=5) 
mice receiving vehicle control or 100 mg/L corticosterone TNF-tg (n=6) and 
TNF11βKO (n=5) in the drinking water for three weeks. qPCR analysis of gene 
expression (AU) of (B) the Rankl/Opg ratio, (C) Ctsk and (D) Csf1 from tibias of TNF- 
tg and TNF11βKO animals receiving control or 100 mg/L corticosterone drinking water 
for three weeks (n=6 per group). Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (*** denotes P≤0.001). 

 
 
 

Taken together, these data suggest that the protective effects of GCs on the bone of TNF- 

tg animals is at least partially dependent on 11β-HSD1 mediated suppression of 

osteoclastic bone resorption during chronic inflammation. 
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6.4.2   Impact of GC treatment on the bone of TNF-Twist2 mice 
 
In order to determine the specific cell type responsible for the protective effects of GCs 

on the bone during chronic inflammation, the mesenchymal specific 11β-HSD1 KO TNF- 

Twist2 mouse with effective deletion in OBs (characterised in Chapter 4), was utilised to 

examine the actions of therapeutic GCs on bone. After three weeks of corticosterone 

drinking water, mice were sacrificed and tibias collected for micro-CT analysis. Bone 

volume was significantly increased in TNF-tg animals receiving oral corticosterone 

compared to untreated TNF-tg mice (Fig 6.4 B). A comparable trend towards an increase 

was seen in the TNF-Twist2 mice receiving corticosterone relative to vehicle treated 

controls (TNF-Twist2 2.66% ± 0.44 vs TNF-Twist2 Cort 3.97% ± 0.42, P=0.06). This 

induction was comparable with GC treated TNF-tg mice (Fig 6.4 B). No corticosterone 

induced changes were observed in terms of trabecular thickness, however under basal 

conditions TNF-Twist2 animals had significantly thicker trabecular than TNF-tg mice (Fig 

6.4 C). Corticosterone treatment increased the number of trabeculae in TNF-tg mice, 

however this was not as apparent in TNF-Twist2 animals which had significantly fewer 

trabeculae in the GC treated group compared to GC treated TNF-tg mice (TNF-tg Cort 

0.0008 1/µm ± 0.00003 vs TNF-Twist2 Cort 0.0003 1/µm ± 0.00003, P≤0.001) (Fig 6.4 

D). Trabecular separation significantly lessened in both genotypes in response to GC 

treatment (Fig 6.4 E). Overall, the beneficial effects of GCs on bone volume and 

trabecular separation during chronic inflammation persist in the absence of mesenchymal 

derived 11β-HSD1. 



246  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. 4: Systemic bone parameters in TNF-tg and TNF-Twist2 animals 
receiving GCs 

(A) Representative images of reconstructed trabecular bone from tibia scans of TNF- 
tg and TNF-Twist2 animals receiving vehicle control or 100 mg/L corticosterone in the 
drinking water for three weeks. Micro-CT analysis of (B) bone volume (%) relative to 
total volume, (C) trabecular thickness (µm), (D) trabecular number (1/µm) and (E) 
trabecular separation (µm) of TNF-tg and TNF-Twist2 animals receiving vehicle control 
or 100 mg/L corticosterone in the drinking water for three weeks (n=6 per group). Data 
is presented as mean ± SEM and statistical significance was determined using two- 
way ANOVA with Tukey’s multiple comparisons test (** denotes P≤0.01 and *** denotes 
P≤0.001). 
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Bone formation markers were examined from the serum and tibia RNA of these mice. 

Whilst levels of the bone formation marker P1NP were significantly decreased in 

untreated TNF-Twist2 animals compared to untreated TNF-tg mice, a comparable 

suppression of P1NP was apparent in both groups in response to GCs (TNF-Twist2 

145.34 ng/ml ± 36.1 vs TNF-Twist2 Cort 30.79 ng/ml ± 3.6, P≤0.05) (Fig 6.5 A). The 

osteoblast marker Bglap was also significantly reduced in both genotypes in response to 

GC treatment (TNF-Twist2 0.29 AU ± 0.091 vs TNF-Twist2 Cort 0.02 AU ± 0.003, 

P≤0.001) (Fig 6.5 B). No significant differences in Alpl and Runx2 were apparent between 

the groups, (Fig 6.5 C-D). Sost levels demonstrated a trend towards an increase in TNF- 

tg animals receiving oral corticosterone compared to their untreated controls, which was 

lost in the GC treated TNF-Twist2 group (Fig 6.5 E). Corticosterone treated TNF-Twist2 

animals also showed significantly higher levels of Dkk1 than corticosterone treated TNF- 

tg mice (Fig 6.5 F). Therefore, TNF-Twist2 mice exhibit largely similar changes in 

osteoblast markers in response to GC treatment as TNF-tg mice, despite lacking 11β- 

HSD1 in the mesenchyme. 
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Figure 6. 5: Osteoblast markers in TNF-tg and TNF-Twist2 animals receiving GCs 

 

 
 

 

(A) ELISA analysis of serum P1NP (ng/ml) (n=6 per group) and qPCR analysis (AU) 
of (B) Bglap, (C) Alpl, (D) Runx2, (E) Sost and (F) Dkk1 in tibias from TNF-tg and 
TNF-Twist2 (n=6 per group) animals receiving control or 100 mg/L corticosterone in 
the drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (* denotes P≤0.05, ** denotes P≤0.01 and *** denotes P≤0.001). 
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Next, gene expression levels of osteoclast markers were assessed from RNA isolated 

from the tibia. The RANKL/OPG ratio was increased in TNF-Twist2 mice receiving oral 

corticosterone compared to their untreated controls (Fig 6.6 A). The osteoclast activity 

marker Ctsk showed no significant changes between the groups, whilst the osteoclast 

survival marker Csf1 showed decreased levels in untreated TNF-Twist2 animals 

compared to untreated TNF-tg mice. However, no corticosterone induced changes were 

observed in these markers (Fig 6.6 B-C). Thus, corticosterone treatment does not appear 

to significantly affect these osteoclast markers in either TNF-tg or TNF-Twist2 animals. 
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Figure 6. 6: Osteoclast markers in TNF-tg and TNF-Twist2 animals treated with 
GCs 
qPCR analysis of gene expression (AU) of (A) the Rankl/Opg ratio, (B) Ctsk and (C) 
Csf1 in tibias of TNF-tg and TNF-Twist2 animals receiving control or 100 mg/L 
corticosterone drinking water for three weeks (n=6 per group). Data is presented as 
mean ± SEM and statistical significance was determined using two-way ANOVA with 
Tukey’s multiple comparisons test (* denotes P≤0.05). 

 
 
 
 
 
 
6.4.3   Impact of GC treatment on the bone of TNF-LysM mice 

 
Finally, to determine the impact of myeloid derived 11β-HSD1 on the protective effect of 

GCs on the bone observed during chronic inflammation, a myeloid specific 11β-HSD1 KO 

mouse was crossed with the TNF-tg animals to yield the TNF-LysM mouse. After three 

weeks of GC treatment, tibias were removed and scanned for micro-CT analysis. Whilst 
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TNF-tg mice responded to GC treatment with an increase in bone volume and trabecular 

number, TNF-LysM animals receiving oral corticosterone showed no difference in bone 

volume or trabecular number to their untreated controls. GC treated TNF-tg animals had 

significantly higher bone volume and trabecular number than GC treated TNF-LysM 

animals (BV/TV: TNF-tg Cort 4.25% ±0.22 vs TNF-LysM Cort 2.95% ± 0.24, P≤0.01; 

Tb.N: TNF-tg Cort 0.0008 1/µm ± 0.00003 vs TNF-LysM Cort 0.0006 1/µm ± 0.00004, 

P≤0.001) (Fig 6.7 B & D). Additionally, whilst TNF-tg animals had significantly less 

separation between trabeculae when treated with GCs, TNF-LysM animals showed no 

difference in trabecular separation between untreated and corticosterone treated groups 

(TNF-LysM 622.35 µm ± 25.71 vs TNF-LysM Cort 694.85 µm ± 31.20, P=0.19) (Fig 6.7 

E). Thus, TNF-tg mice with myeloid deletion of 11β-HSD1 have an attenuated bone 

protective response to GCs. 
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Figure 6. 7: Systemic bone parameters in TNF-tg and TNF-LysM animals treated 
with GCs 

(A) Representative images of reconstructed trabecular bone from tibia scans of TNF- 
tg and TNF-LysM animals receiving vehicle control or 100 mg/L corticosterone in the 
drinking water for three weeks. Micro-CT analysis of (B) bone volume (%) relative to 
total volume, (C) trabecular thickness (µm), (D) trabecular number (1/µm) and (E) 
trabecular separation (µm) of TNF-tg (n=6) and TNF-LysM (n=5) animals receiving 
vehicle control or 100 mg/L corticosterone TNF-tg (n=6) and TNF-LysM (n=6) in the 
drinking water for three weeks. Data is presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Tukey’s multiple 
comparisons test (* denotes P≤0.05, ** denotes P≤0.01 and *** denotes P≤0.001). 
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Analysis of serum P1NP showed that both TNF-tg and TNF-LysM animals had 

significantly suppressed bone formation in response to GC treatment to similar levels 

(TNF-LysM 260.60 ng/ml ± 22.82 vs TNF-LysM Cort 67.00 ng/ml ± 28.45, P≤0.001) (Fig 

6.8 A). Similarly, both genotypes significantly suppressed Bglap in response to 

corticosterone treatment (TNF-LysM 1.46 AU ± 0.21 vs TNF-LysM Cort 0.18 AU ± 0.08, 

P≤0.001). However, untreated TNF-LysM animals exhibited significantly higher levels of 

Bglap than untreated TNF-tg mice (Fig 6.8 B). Alpl levels showed a trend towards 

decrease in TNF-tg animals receiving oral corticosterone and a significant decrease in 

corticosterone treated TNF-LysM animals compared to their relevant untreated controls. 

Again, the levels of Alpl were significantly higher in untreated TNF-LysM animals 

compared to untreated TNF-tg mice (Fig 6.8 C). Runx2 and Dkk1 exhibited no 

corticosterone induced changes, however levels were again higher in untreated TNF- 

LysM animals compared to untreated TNF-tg mice (Fig 6.8 D & F). Sost demonstrated no 

significant changes amongst the groups (Fig 6.8 E). Taken together, these data suggest 

that myeloid derived 11β-HSD1 is not required for the changes in osteoblast markers in 

response to GCs during chronic inflammation. 
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Figure 6. 8: Osteoblast markers in TNF-tg and TNF-LysM animals receiving GCs 

(A) ELISA analysis of serum P1NP (ng/ml) in TNF-tg (n=6) and TNF-LysM (n=5) 
animals receiving vehicle or 100 mg/L corticosterone TNF-tg (n=6) and TNF-LysM 
(n=5) in the drinking water for three weeks. qPCR analysis (AU) of (B) Bglap, (C) Alpl, 
(D) Runx2, (E) Sost and (F) Dkk1 in tibias from TNF-tg and TNF-LysM (n=6 per group) 
animals receiving control or 100 mg/L corticosterone in the drinking water for three 
weeks. Data is presented as mean ± SEM and statistical significance was determined 
using two-way ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, ** 
denotes P≤0.01 and *** denotes P≤0.001). 
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Lastly, changes in osteoclast markers were assessed by analysis of serum and gene 

expression markers in the tibia. Serum levels of the bone resorption marker CTX-1 were 

significantly suppressed in both TNF-tg and TNF-LysM animals in response to GC 

treatment (TNF-LysM 86.7 ng/ml ± 5.58 vs TNF-LysM Cort 41.7 ng/ml ± 7.13, P≤0.01) 

(Fig 6.9 A). No corticosterone induced changes were observed with Ctsk or Csf1, 

however there was a significant increase in levels in the untreated TNF-LysM group 

compared to untreated TNF-tg animals (Fig 6.9 C-D). No significant changes were 

detected in the RANKL/OPG ratio between the groups (Fig 6.9 B). Thus, CTX-1 is 

significantly suppressed by therapeutic GCs in TNF-LysM animals in a similar fashion as 

seen in TNF-tg mice, despite lacking myeloid derived 11β-HSD1. 
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Figure 6. 9: Osteoclast markers in TNF-tg and TNF-LysM animals receiving GCs 

 

 
 

 
(A) ELISA analysis of serum CTX-1 (ng/ml) and qPCR analysis of gene expression 
(AU) of (B) the Rankl/Opg ratio, (C) Ctsk and (D) Csf1 in tibias of TNF-tg (n=6) and 
TNF-LysM (n=5) animals receiving control or 100 mg/L corticosterone TNF-tg (n=6) 
and TNF-LysM (n=5) drinking water for three weeks (n=6 per group). Data is 
presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05, ** denotes P≤0.01 
and *** denotes P≤0.001). 
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6.5    Discussion 
 
Elevated levels of pro-inflammatory cytokines during chronic inflammatory polyarthritis 

lead to juxta-articular problems, such as bone and cartilage loss, in addition to systemic 

complications such as inflammatory osteoporosis (285). Therapeutic GCs are often used 

to treat chronic inflammatory disease due to their potent anti-inflammatory actions. 

Despite the fact that GCs are often associated with generalised bone loss themselves we 

have previously shown that GCs have an overall beneficial effect on the bone when 

administered during chronic inflammation by suppressing pro-inflammatory cytokines and 

subsequently inhibiting the development of juxta-articular and systemic bone loss driven 

by osteoclastic bone resorption (Chapter 3) (21). Additionally, the results of Chapter 5 

indicate that suppression of inflammation by GCs is mediated via activation by 11β-HSD1. 

Thus, this chapter aimed to investigate whether the beneficial actions of therapeutic GCs 

on the bone during chronic inflammation were dependent on reactivation by 11β-HSD1. 

Consequently, TNF-tg animals were crossed with global, mesenchymal and myeloid 

specific 11β-HSD1 KO mice, treated with 100 mg/L corticosterone in the drinking water 

for three weeks before serum was isolated for ELISA analysis of bone remodelling 

markers and tibias were excised for micro-CT analysis and gene expression assays. 

Micro-CT analysis of tibias from TNF11βKO animals revealed that the protective effect of 

GCs observed in TNF-tg animals, in terms of increased bone volume, trabecular number 

and decreased trabecular separation, was blunted in TNF11βKO mice, suggesting a 

significant role for 11β-HSD1 activation of GCs in their beneficial effects on the bone. 

Some degree of protection was still observed in TNF11βKO animals however, suggesting 

a partial role of systemic levels of active drug in protecting the bone from inflammatory 

bone loss (Fig 6.1). This lack of protection by GCs on the bone in global KO mice was in 
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spite of the fact that osteoblast markers such as P1NP and osteocalcin were protected 

from the GC-induced suppressions seen in TNF-tg mice, indicating that osteoblasts are 

not driving the increased systemic bone in response to GCs (Fig 6.2). Instead, this 

phenotype appeared to be mediated through a loss of suppression of inflammatory 

osteoclast bone resorption, where CTX-1 failed to be suppressed in TNF11βKO mice 

receiving corticosterone. This may be secondary to a failure of therapeutic GCs to 

suppress pro-inflammatory cytokines in response to GCs such as mTNF and IL-6 and 

osteoclast precursor chemokines such as CCL2, CXCL2 and CXCL10 (Chapter 5). The 

RANKL/OPG ratio was comparable between the different genotypes, suggesting that this 

mRNA marker may not be fully informative in regard to interpreting osteoclast metabolism 

in this setting. However, TNFα has previously been shown to induce osteoclast 

differentiation independently of RANKL expression, thus persistently elevated levels of 

TNFα may drive the diminished response to GCs on the bone (304-306). Overall, 

therapeutic GCs appear to mediate their beneficial effects on the bone during chronic 

inflammation via suppression of inflammatory cytokines and subsequent reduction in 

osteoclast differentiation secondary to the activation of GCs by 11β-HSD1. 

Mesenchymal derived osteoblasts have been shown to potently upregulate 11β-HSD1 in 

response to pro-inflammatory cytokines, indicating a potential role for osteoblasts in 

modulating inflammation (154). In this study, the mesenchymal specific 11β-HSD1 KO 

mouse was used to determine the contribution of mesenchymal cell populations to the 

protective effect of GCs on the bone. Micro-CT analysis of the tibias of TNF-Twist2 mice 

showed that whilst GCs induced an increase in bone volume and decrease in trabecular 

separation similar to that of TNF-tg animals receiving oral corticosterone, this appeared 

to be due to an overall increase in trabecular thickness in the TNF-Twist2 groups, with 
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only modest increases observed in trabecular number in response to GCs (Fig 6.4). Thus, 

mesenchymal 11β-HSD1 may play a role in the beneficial effects of GCs on trabecular 

number during chronic inflammation. 

In mice lacking 11β-HSD1 in the mesenchyme, GC treatment retained its ability to 

potently reduce the anabolic osteoblast markers P1NP and osteocalcin. Conflicting 

results were obtained upon analysis of the wnt inhibitors sclerostin (Sost) and Dkk1, with 

sclerostin levels being protected from GC-induced increases in TNF-Twist2 mice, whilst 

Dkk1 levels were significantly higher in GC treated TNF-Twist2 mice compared to GC 

treated TNF-tg animals (Fig 6.5). IL-6 has previously been shown to inhibit wnt signalling 

in osteoblasts, thus the increased levels of Dkk1 in corticosterone treated TNF-Twist2 

animals compared to corticosterone treated TNF-tg mice could be due to the persistently 

elevated levels of serum IL-6 observed in the TNF-Twist2 GC treated group (Fig 5.11) 

(344). A separate study has reported that deletion of Dkk1 increased bone volume and 

formation in mice despite an increase in sclerostin expression levels, potentially indicating 

that sclerostin is not an ideal marker for bone formation (345). Future research could 

examine any changes in wnt ligands to better understand if these anabolic pro- 

osteoblastic factors are impacted. 

The osteoclast activity marker, cathepsin K (Ctsk), and the osteoclast differentiation 

factor, M-CSF (Csf1), were reduced in both untreated and corticosterone treated TNF- 

Twist2 animals compared to untreated and corticosterone treated TNF-tg mice, indicating 

a baseline reduction in osteoclast activity in mice lacking mesenchymal derived 11β- 

HSD1. Previously, we have found that at 9 weeks TNF-Twist2 mice have significantly less 

disease activity and inflammation compared to TNF-tg mice (157). Although, at seven 

weeks no changes in mRNA levels of pro-inflammatory cytokines or inflammatory scores 
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were recorded between TNF-Twist2 and TNF-tg animals, subtle decreases could already 

exist in protein levels of pro-inflammatory cytokines at this time point in TNF-Twist2 

animals which could reduce the inflammatory induced differentiation of osteoclasts. 

Decreases in osteoclast markers could also explain the increased trabecular thickness of 

TNF-Twist2 animals (Fig 6.4). Serum levels of CTX-1 were not measured in the TNF- 

Twist2 animals thus a suppression of osteoclast activity cannot be confirmed, however a 

potential reduction of resorption is likely, due to the GC induced suppression of pro- 

inflammatory cytokines observed in the TNF-Twist2 mouse (Fig 5.11). Further analysis is 

necessary to confirm this. Overall, mesenchymal 11β-HSD1 KO mice exhibit a partial 

protection from inflammatory bone loss in response to GC treatment. 

The other key cell type in the bone is the myeloid derived osteoclast, however a lot less 

is known about 11β-HSD1 in this cell type. 11β-HSD1 is expressed in osteoclasts, 

however it is unknown how this expression is regulated in response to pro-inflammatory 

cytokines (71). Therefore, to investigate the contribution of 11β-HSD1 within myeloid cell 

populations to the protective effects of therapeutic GCs on inflammatory bone loss, a 

myeloid specific 11β-HSD1 KO mouse was crossed with the TNF-tg and treated with 

corticosterone in the drinking water for three weeks. Micro-CT analysis of tibias showed 

that whilst TNF-tg animals responded to GC treatment with increased bone volume and 

trabecular number, TNF-LysM animals exhibited no changes between the GC treated and 

untreated groups (Fig 6.7). These data suggest that GC activation by 11β-HSD1 within 

myeloid derived cell populations may mediate some of the protective effects of GCs 

through the suppression of inflammatory bone resorption. However, this was not 

supported by CTX-1 data which was significantly suppressed in response to GC 

treatment.  WT-LysM  animals  showed  significantly  lower  bone  parameters  than WT 
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controls (Chapter 4), suggesting that animals lacking myeloid 11β-HSD1 have a 

developmental bone phenotype. Therefore, it is also possible that inflammatory bone loss 

is not significantly induced in these animals due to low bone volume at baseline and thus 

corticosterone treatment has no effect on the trabecular parameters of this genotype. 

Static histomorphometry of the bones from these mice could help clarify the effects of 

corticosterone treatment on osteoclasts in the absence of myeloid 11β-HSD1. 

Additionally, further characterisation of this model is required to confirm cre penetrance 

to the osteoclasts. 

Previously, myeloid specific GR KO mice were found to be protected from suppression of 

bone formation by dexamethasone treatment, indicating that osteoclasts are necessary 

to mediate GC-induced changes in bone formation (243). However, in the current study, 

significant decreases were still observed in the osteoblast markers P1NP, osteocalcin 

(Bglap) and alkaline phosphatase (Alpl) in TNF-LysM animals in response to 

corticosterone treatment (Fig 6.8). Since corticosterone treated TNF-LysM animals had 

significantly increased arthritic paw scores compared to corticosterone treated TNF-tg 

mice (Fig 5.20), the lack of a beneficial response to GCs on the bone may be due to 

residual inflammation and a longer duration of treatment or higher dose may be required 

to overcome this. Untreated TNF-LysM animals had significantly higher levels of the 

osteoblast markers osteocalcin, alkaline phosphatase and runx2 than TNF-tg controls 

(Fig 6.8), however the osteoclast markers cathepsin K (Ctsk) and M-CSF (Csf1) were 

similarly elevated in TNF-LysM animals compared to TNF-tg (Fig 6.9) suggesting that the 

overall balance between formation and resorption remains unchanged. 

Overall, these data suggest that 11β-HSD1 is required to mediate the protective effect of 

GCs on the bone during chronic inflammation, due to the ability of 11β-HSD1 metabolised 
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GCs to suppress pro-inflammatory mediators and thus suppress osteoclast activation. 

Both the mesenchymal and the myeloid cell specific 11β-HSD1 KO mice fail to effectively 

replicate the resistance to the anti-inflammatory actions of GCs observed in the 

TNF11βKO animals (Chapter 5), thus with only partial suppression of their anti- 

inflammatory actions, GCs retain the capacity to prevent bone loss in the cell specific 

11β-HSD1 KO animals. 
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Chapter 7: General discussion 
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Rheumatoid arthritis is a chronic inflammatory disease affecting around 1% of the adult 

population characterised by systemic inflammation, polyarthritis, joint deformity and 

increased mortality (81, 83). Glucocorticoids potently suppress disease activity and 

inflammation associated with RA and as a consequence of their anti-inflammatory and 

immunomodulatory effects are frequently used in disease management (159). 

Unfortunately, long term use of GCs results in adverse metabolic side effects such as 

osteoporosis, muscle wasting, hypertension, diabetes and obesity, severely limiting their 

application (22). Consequently, understanding the precise mechanisms of actions of GCs 

in order to delineate the beneficial anti-inflammatory actions from the detrimental 

metabolic side effects of therapeutic GC use remains paramount. The overarching aim of 

this thesis was to gain a better understanding of how pre-receptor metabolism of 

therapeutic GCs mediate both their positive and negative effects. 

Glucocorticoid induced osteoporosis represents a severe side effect of therapeutic GCs 

in many patients. Consequently, the net effect of GCs on the bone during chronic 

inflammation was investigated using the TNF-tg mouse on a three week corticosterone 

drinking water treatment regime to fully characterise GC induced bone loss in this setting 

and to inform our experimental design for examining pre-receptor metabolism. At high 

doses, GCs inhibit differentiation and promote apoptosis of the bone forming osteoblasts 

(235, 287, 288). However, GCs suppress inflammation which, if left untreated, can induce 

osteoclast differentiation and inhibit osteoblast differentiation, ultimately promoting 

inflammatory bone loss (252-255, 260). Thus, we wished to understand whether the 

beneficial anti-inflammatory effects of GCs on the bone outweigh their negative anti- 

anabolic actions. Here, we demonstrate that oral GC monotherapy protected against the 

development   of   both   juxta-articular   and  systemic   inflammatory   bone   loss when 
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administered early in chronic inflammatory diseases. This coincided with a reduction in 

pro-inflammatory pro-osteoclastogenic cytokines such as TNFα, IL-6 and IL-1, which 

have previously been shown to stimulate osteoclast differentiation (256). TNFα in 

particular is implicated as a potent regulator of osteoclasts, with the ability to induce 

osteoclastogenesis independently of RANKL signalling, which may explain why the 

RANKL/OPG ratio is elevated in TNF-tg animals receiving oral corticosterone, despite 

substantial reductions in osteoclast numbers and activity (304-306). Additionally, TNFα 

can trigger the release of osteoclast precursors from the spleen into the circulation, where 

they can then travel to sites of inflammation where pro-inflammatory cytokines trigger 

their differentiation into mature bone resorbing osteoclasts (332). The monocyte 

chemoattractant CCL2, produced by cells such as macrophages, fibroblasts and 

osteoblasts, has been suggested as the chemokine responsible for recruitment of 

osteoclast precursors to sites of inflammation, and can promote osteoclast fusion and 

differentiation (333, 334). Thus, in the TNF-tg mouse treated with GCs, the 

downregulation of factors such as TNFα and CCL2 could simultaneously prevent the 

release and migration of osteoclast precursors, whilst a local suppression of pro- 

inflammatory mediators could inhibit their differentiation, subsequently suppressing bone 

resorption. Future research could cross the TNF-tg mouse with RANKL or OPG KO 

models in order to determine if the effects of GCs are completely mediated by TNFα or if 

the RANKL/OPG ratio is contributing in some way. Furthermore, mRNA levels do not 

always correlate with protein levels, thus analysis of RANKL and OPG protein levels by 

western blot or ELISA assays would prove useful in this model (346). 

In support of our study, several clinical studies investigating GC therapy in RA patients 

have found no increased risk of osteoporosis compared to other disease controlling 
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therapies and even an increase in BMD in patients receiving GC and anti-TNF 

combination therapies as opposed to anti-TNF alone (289-291). However, these findings 

are not unanimous with further studies showing that GC therapy is associated with 

decreased BMD in RA (285, 294). The difference in conclusion from these studies may 

be due to differences in the treatment regime implemented, specifically dose and duration 

of treatment. Our study models the use of GCs as a bridging therapy to control 

inflammation before slow-acting DMARDS take effect at the onset of disease (109). Here, 

we show markers of osteoblast activity, P1NP, osteocalcin and alkaline phosphatase, 

were suppressed upon treatment with GCs, however no decrease in bone parameters 

was observed in the WT group treated with GCs, indicating that 100 mg/L corticosterone 

in the drinking water for three weeks is sufficient to induce early changes in bone 

metabolism but not phenotypic changes. In Chapter 4, we show that WT mice treated 

with 100 mg/L corticosterone for four weeks have significant decreases in bone 

parameters as determined by micro-CT. Timing is likely paramount, therefore it would be 

interesting to investigate a longer treatment period in the TNF-tg animals. It is likely that 

over longer durations bone loss would occur secondary to reduced formation, whilst with 

shorter timeframes GCs support increased BMD due to suppressed osteoclast activity. 

Thus, we predict that long-term use of GCs is limited in this setting, but GCs are beneficial 

as a bridging therapy since bone formation is rapidly recovered following cessation of 

therapy (21). 

Previous work from our group investigated the interaction between GCs and inflammation 

in the muscles of these mice and concluded that therapeutic GCs do not protect against 

inflammatory muscle wasting and drive GC induced muscle atrophy (309). The catabolic 

effect of GCs on the bone is often focused on when administering therapeutic GCs and 
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bone sparing agents such as bisphosphonates are often given alongside GC treatment 

(19, 310). However, our data suggest that in the setting of new onset disease, when GCs 

are given as a bridging therapy, priority should be given to the development of muscle 

sparing therapies in addition to bone sparing. 

Despite their efficacy in suppressing inflammation, the use of long term GCs is limited 

due to the prevalence of metabolic side effects. Osteoporosis is of particular concern, 

with an approximate 10% decrease in BMD in patients receiving GCs and a dramatic 

increase in fracture risk within the first 3 to 6 months of starting GC treatment (21). In 

approximately 30-50% of patients on GC therapy changes in bone metabolism lead to 

osteoporotic fractures (347). The enzyme 11β-HSD1, which predominantly converts 

inactive GCs to their active counterparts, has been heavily implicated in the development 

of many of the metabolic side effects associated with GC use. Morgan et al demonstrated 

that mice lacking 11β-HSD1 were protected from the development of Cushingoid features 

in response to GC excess, such as myopathy, hepatic steatosis, glucose intolerance and 

increased adiposity (348). However, the bone phenotype of these mice was not 

examined, despite GIO being a significant issue associated with GC therapy. 

Here, we identified that 11β-HSD1 metabolism of exogenous GCs plays a major role in 

the development of GIO. After four weeks of corticosterone in the drinking water, WT 

animals developed significant reductions in tibial bone parameters, such as bone volume, 

trabecular thickness, trabecular number, and an increase in trabecular separation. In 

contrast, 11β-HSD1 KO animals were protected from changes in bone volume, trabecular 

number and trabecular separation. This appeared to be predominantly mediated by a 

protection of mature osteoblasts and their bone forming activity. This may be explained 

by the higher expression of 11β-HSD1 in osteoblasts compared to osteoclasts, rendering 
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the osteoblasts more susceptible to GC effects (71). GCs have been shown to act directly 

on osteoblasts to trigger their apoptosis (237). Further analysis of this model could utilise 

apoptotic analysis, such as TUNEL staining, to confirm whether 11β-HSD1 KO animals 

are protected from GIO via inhibition of osteoblast apoptosis. Vertebral fractures are 

particularly common in patient receiving GC therapy, with the risk of fracture reaching 

over double that of age matched controls (314). Modest changes in spine architecture 

were observed in WT animals treated with three week corticosterone in the drinking water, 

which were not observed in 11βKO GC treated animals. Again, this appeared to be 

mediated by protection of osteoblast numbers at the spine. A previous study indicated 

that C57BL/6 mice were resistant to the bone loss associated with administration of GC 

by subcutaneously implanted slow release pellets (349). However, we observed 

significant bone loss in C57BL/6 mice after four weeks of corticosterone drinking water. 

This may be due to greater dosing and exposure in the oral delivery method compared to 

the subcutaneously implanted GC pellets. 

Overall, these data suggest that 11β-HSD1 plays a role in the inhibition of osteoblast 

activity in response to GCs. Previous studies have differed when attempting to determine 

which cells specifically mediate the bone destructive effects of GCs. One study showed 

that disruption of GC signalling in mature osteoblasts and osteocytes prevented their 

apoptosis and resulted in mice being resistant to the decreases in osteoid area, bone 

formation rate and compression strength observed in WT animals receiving prednisolone 

(237). In contrast, studies using 11β-HSD2 overexpression to disrupt GC signalling 

specifically in osteoclasts, showed that osteoblast apoptosis and reductions in bone 

formation still occurred in response to GC treatment, revealing that GC action in 

osteoclasts  was  not  mediating  changes  in  osteoblasts  in  response  to  GCs   (238). 
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Conversely, another study using mice lacking the GR in osteoclasts showed that these 

mice were protected from decreases in bone formation induced by dexamethasone 

treatment, indicating that anti-anabolic actions of GCs can act indirectly on the osteoblast 

via the osteoclast (243). Our study used a mesenchymal and myeloid specific 11β-HSD1 

KO mouse in an attempt to delineate in which cell type GC activation by 11β-HSD1 was 

responsible for mediating GIO. However, both genotypes responded to GCs in terms of 

potent suppression of bone formation and mature osteoblast markers, indicating that 11β- 

HSD1 activation of GCs is not required in either the osteoblasts or the osteoclasts. This 

may be due to a similar mechanism as determined in Chapter 5, where our study 

demonstrated that paracrine GC signalling could overcome deletion in cell specific cre 

models. The use of co-culture and conditioned media experiments, as outlined with the 

FLS and macrophage cells, could be performed using WT and KO osteoblasts and 

osteoclasts to determine if they can also participate in paracrine signalling of GCs to 

compensate for loss of 11β-HSD1 in one cell type. 

Since 11β-HSD1 metabolism has been shown to play a major role in many of the 

metabolic side effects of GC use, 11β-HSD1 inhibitors have been suggested as an 

adjunctive therapy given alongside GCs in order to reduce their side effects (348). 

However, in order for this approach to be feasible, GC activation by 11β-HSD1 

metabolism must mediate the detrimental actions of therapeutic GCs, but not the 

beneficial therapeutic effects of GCs. This is particularly relevant where the most widely 

prescribed GC in the US, prednisone, is readily metabolised and activated by 11β-HSD1 

(19, 118). Consequently, we wished to determine whether the therapeutic anti- 

inflammatory actions of GCs depend on their activation by 11β-HSD1. Using the TNF-tg 

murine model of polyarthritis on a global 11β-HSD1 KO background we identified that the 
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anti-inflammatory effects of GCs in chronic inflammatory polyarthritis are dependent on 

11β-HSD1 activation. TNF-tg mice lacking 11β-HSD1 were unable to suppress clinical 

and arthritic paw scores in response to GC treatment. Additionally, despite GC treatment, 

mRNA levels of pro-inflammatory cytokines and chemokines and serum levels of IL-6 

remained elevated in TNF11βKO mice, leading to the persistence of synovitis and 

osteoclast numbers, inhibiting the protective effect of GCs on juxta-articular bone 

erosions. Ideally, analysis of pro-inflammatory cytokines and chemokines would be 

performed by serum ELISA to quantify protein concentrations, however due to the limited 

amount of serum obtained from each mouse, mRNA analysis was used as a surrogate. 

Alternatively, ELISA analysis of synovial fluid of synovial tissue homogenate could be 

used to gain a more accurate representation of local inflammation at the joint. 

Similarly, TNF11βKO animals do not show the same protective effects of GCs on 

systemic trabecular parameters at the tibia, despite being protected from GC induced 

reductions in osteoblast markers. Together, these findings reinforce the idea that 

osteoclasts are the more important cell type in inflammatory bone loss. Thus, mice 

deficient in 11β-HSD1 are resistant to the therapeutic effects of GCs. Consistent with this, 

11β-HSD1 has previously been shown to be required for the immunosuppressive effects 

of endogenous GCs, as mice lacking 11β-HSD1 have significantly exacerbated 

inflammation and worsened resolution (157, 324). Previously, we have shown that the 

exacerbation of inflammation in TNF-tg mice lacking 11β-HSD1 is due to the inability of 

macrophages to polarise towards the M2 pro-resolution phenotype (157). It would 

therefore be interesting to investigate whether this is the case in response to exogenous 

GCs and thus whether the persistence of inflammation upon treatment with therapeutic 

GCs in the TNF11βKO mouse results from the failure of macrophages to polarise towards 
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the M2 phenotype in the absence of 11β-HSD1 activation of GCs. Flow cytometry 

analysis of cells stained for M1 or M2 markers (such as CD68 and MHCII, and CD163, 

respectively) from synovial tissue digests of KO and control mice treated with vehicle or 

corticosterone could be performed to address this. Alternatively, histological staining for 

M1 and M2 markers could be performed on sections of the synovium from these animals 

in order to assess the proportion of M1 or M2 macrophages in response to GC treatment. 

Several studies have focused on delineating the exact cell type responsible for the 

therapeutic effects of GCs with varying results. In a mouse model of chronic 

hypersensitivity, macrophages were pinpointed as the mediators of the anti-inflammatory 

effects, whilst in inflammatory arthritis stromal cells have been implicated in STIA model, 

and T cells in the AIA model (129, 138, 350). This variation in different mouse models 

indicates the need to validate our findings in alternative models. The CIA model would be 

of particular interest due to the involvement of the adaptive immune system and the 

production of auto-antibodies, which could provide a more representative image of 

rheumatoid arthritis on which to investigate the contribution of 11β-HSD1 metabolism of 

therapeutic and endogenous GCs (267). 

The mesenchymal specific 11β-HSD1 KO mouse responded to GCs similarly to normal 

TNF-tg animals, by reducing disease activity, pro-inflammatory cytokines and 

chemokines, synovitis and osteoclast numbers. TNF-Twist2 animals also showed 

increased bone volume in response to GC treatment, however this appeared to be mainly 

due to an overall increase in trabecular thickness more so than the increases in trabecular 

number. Additionally, TNF-Twist2 animals exhibited some modest decreases in basal 

levels of pro-inflammatory chemokines and bone erosions, consistent with the decreased 

inflammation previously noted in this mouse aged 9 weeks (157). The myeloid specific 
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11β-HSD1 KO animal presented with some signs of GC resistance in terms of persistent 

bone erosions and elevated clinical and arthritic paw scores, however these mice still 

retained the ability to respond to GCs by reducing pro-inflammatory mediators, synovitis 

and osteoclast number. This indicates that myeloid derived 11β-HSD1 activation of GCs 

is at least partially required for their therapeutic actions. LysM animals also appeared to 

be resistant to corticosterone induced improvements in systemic trabecular bone 

parameters. However, a developmental bone phenotype in mice lacking myeloid 11β- 

HSD1 cannot be entirely ruled out, as WT-LysM animals exhibited significantly less 

trabecular bone than WT mice in the absence of inflammation. Inducible cre deletion 

models could be utilised to examine whether myeloid 11β-HSD1 mediates the protective 

effects of GCs on systemic bone without the added complication of a developmental 

phenotype. 

Further assessment of LysM cre penetrance is required to fully interpret these findings. 

Here, a failure to mediate 100% deletion in macrophages may result in residual 

responsiveness to GCs that could account for the partial suppression of disease activity 

and bone loss observed in the TNF-LysM animals. Our preliminary findings in peritoneal 

macrophages suggested 11β-HSD1 deletion was significant (approximately 85%) but not 

complete. Published studies indicate in vivo deletion at around 70% in macrophages 

(129). Therefore, the retention of 11β-HSD1 activity in a small proportion of the 

macrophages may be sufficient to produce the anti-inflammatory effects of GCs. Further 

research could be done to examine the efficacy of the cre targeting in greater detail. 

Crossing the LysM animals with cre-reporter mice such as LacZ or GFP expressing mice, 

which undergo a colour change or produce a fluorescent signal in cells with cre activity, 

would allow identification of cre expression in a broader range of myeloid cell populations. 
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Of particular interest due to the persistence of bone erosions in the LysM animals, would 

be determining whether 11β-HSD1 is deleted within the osteoclasts. 

Given that both cre models retained some GC responsiveness, we wished to test the 

hypothesis that paracrine signalling may compensate for cell specific knockout of 11β- 

HSD1. It was determined that GC activation by 11β-HSD1 in fibroblasts can compensate 

for 11β-HSD1 deletion in neighbouring macrophages in a paracrine fashion, and vice 

versa. Whether this is a mechanism isolated to stromal and myeloid cells is unknown. 

Paracrine signalling of 11β-HSD1 metabolised GCs between fibroblasts and 

macrophages could promote the polarisation of macrophages towards the M2 phenotype, 

thus stimulating the production of anti-inflammatory cytokines, such as IL-10, and 

reducing the production of pro-inflammatory cytokines, such as TNFα, subsequently 

suppressing the activation and differentiation of pro-inflammatory T and B cells. This 

would make effective deletion of GC signalling in macrophages using a targeted cre 

ineffective, with neighbouring stromal populations compensating through local 

amplification and paracrine GC signalling. One of the limitations of the TNF-tg mouse 

model is the lack of involvement of the adaptive immune system, thus the use of an 

alternative model, such as the CIA model, would allow the assessment of whether cells 

such as T and B cells are also affected by this compensatory paracrine GC signalling. 

Complete disruption of GC signalling in specific cells is likely to be necessary to determine 

which cell types mediate the anti-inflammatory effects of GCs. The utilisation of a 

macrophage specific GR KO TNF-tg mice would help establish whether GC signalling 

within the macrophage mediates the therapeutic effects of GCs in this model and 

investigate the partial GC resistance phenotype in the LysM animals without the 

complication of paracrine signalling. 
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11β-HSD1 metabolism can determine both the systemic levels of GCs, by hepatic 

reactivation of GCs following renal inactivation by 11β-HSD2, and also the local tissue 

levels of GCs, by tissue specific expression of 11β-HSD1 (76). It is possible that the GC 

resistance of 11β-HSD1 KO animals is due to the inactivation of GCs by renal 11β-HSD2 

and an inability of hepatic type 1 enzymes to reactivate GCs, thus altering the systemic 

levels of GCs available. However, we show that 11β-HSD1 KO animals exhibit adrenal 

atrophy and increased systemic corticosterone concentrations in response to GC 

treatment, which would indicate that systemic metabolism is unaltered and effects are 

mediated by local metabolism of GCs. However, we have shown by administering 

corticosterone via oral gavage that GCs are rapidly excreted from the body, and we 

cannot control for when the mice last intake corticosterone drinking water prior to cardiac 

puncture, which introduces significant variability. Thus, further analysis could use oral 

gavage of corticosterone to produce less variable results. Furthermore, the use of LC-MS 

analysis to determine the levels of the inactive GC 11-DHC in the serum of corticosterone 

treated KO animals is required to provide a more detailed kinetics analysis of whether 

systemic metabolism is affected. It is also possible that the deletion of 11β-HSD1 may 

have indirect effects on other endocrine systems, such as impacting on the level of 

androgen and mineralocorticoid production, in addition to the direct effects on 

glucocorticoid metabolism. Thus, further LC-MS analysis of the levels of different steroid 

classes could prove to be important in this model. 

In summary, we have identified a novel step in mediating the action of therapeutic GCs 

via 11β-HSD1 activation. This mechanism is likely to apply to GCs such as prednisone 

which is frequently used in the treatment of chronic inflammatory diseases, whilst 

dexamethasone  is  not  readily  metabolised by  11β-HSD1  and  thus  is  unlikely  to be 
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affected in the same way by 11β-HSD1 inhibition (67). We provide further knowledge of 

the mechanism of GC actions in showing that neighbouring cells can exchange locally 

generated active GCs in a paracrine manner, which will prove important when attempting 

to selectively target cell types to harness the beneficial effects of GCs whilst avoiding their 

detrimental effects. 

 
 
 
7.1 Future directions 

 
We have shown that whilst inhibition of 11β-HSD1 was beneficial to prevent 

glucocorticoid-induced osteoporosis, it also resulted in detrimental effects such as the 

exacerbation of inflammatory arthritis and resistance to the anti-inflammatory GC actions 

in the TNF-tg model. These data raise concern over the use of 11β-HSD1 inhibitors to 

prevent the development of metabolic side effects in patients with chronic inflammation. 

However, some anti-inflammatory actions of GCs are retained in the TNF11β-HSD1 KO 

mouse, for example, mild decreases in serum IL-6, as well as decreases in B cell and 

CD8+ T cell populations (unpublished data from Hardy lab). Therefore, understanding 

whether these results translate to other inflammatory diseases where GCs are widely 

prescribed will be a key step in the progression of this research, therefore the 11β-HSD1 

KO mouse could be crossed with mouse models of diseases such as inflammatory bowel 

disease (IBD) and chronic obstructive pulmonary disease (COPD), for the examination of 

GC resistance in these settings. 

Myeloid specific 11β-HSD1 KO animals showed some evidence of reduced responses to 

therapeutic GCs, thus future experiments could attempt to directly target GC preparations 

to  the  juxta-articular macrophages, for example, with  the  use  of liposomes. We  have 
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demonstrated that cells can communicate GCs in a paracrine fashion, thus experiments 

would also need to focus on the most efficient dose and delivery of GCs in these 

preparations to avoid saturation of the GR in macrophages and the subsequent leakage 

of GCs into the surrounding cells. 

 
 
 
7.2 Limitations 

 
One potential limitation of the study is with the use of male mice. Male animals were 

chosen to reduce potential changes in metabolism or the immune response based on the 

different stages of the estrous cycle, however, as previously stated, rheumatoid arthritis 

is a disease which predominantly effects women, thus the use of female mice would be 

more representative of human patients. Additionally, the mouse model used is not fully 

representative of human RA due to the lack of involvement of the adaptive immune 

system. As a result of this, the study would benefit from the use of a secondary RA model 

in which the adaptive response plays a larger role. Moreover, the sample size was limited 

in some cases thus increasing the number of mice per group would improve the study. 

Another limitation with regards to the mice, is the use of young mice (seven-week old) for 

the study of GIO and changes in bone remodelling. At this age, bone is not yet fully formed 

and thus may be more susceptible to alterations by inflammatory mediators or GC 

treatment. Additionally, in human RA and osteoporosis are typically observed in the adult 

population. Therefore, the use of mature animals with fully developed bone would 

strengthen the findings of this study. 

The use of a three week corticosterone treatment period was insufficient to induce 

macroscopic  changes in  the  bone phenotype of WT animals, thus a  longer duration of 
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treatment would maximise the impact of the results in the GIO study. In addition, with the 

use of the drinking water method of GC administration it was not possible to accurately 

determine the dose of corticosterone ingested by each individual animal, therefore 

variations in dose are a possibility. 
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Supplementary Figure  1: Serum levels of corticosterone following oral gavage 

Serum levels of corticosterone (ng/ml) in TNF-tg animals (n=1 per group) 15, 30 or 
45 minutes following oral gavage with 200 mg/L corticosterone drinking water. Data 
is presented as mean ± SEM and statistical significance was determined using one- 
way ANOVA with Tukey’s multiple comparisons test (* denotes P≤0.05). 
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Supplementary Table 1: Taqman primers used for real time PCR analysis 
 

Primer Assay ID 

Tsc22d3 (Gilz) Mm00726417_s1 

mTnf Mm00443258_m1 

hTNF Hs00174128_m1 

Il1 Mm00434228_m1 

Ccl2 Mm00441242_m1 

Cxcl10 Mm00445235_m1 

Cxcl2 Mm00436450_m1 

Bglap Mm03413826_mH 

Alpl Mm00475834_m1 

Runx2 Mm00501584_m1 

Dkk1 Mm00438422_m1 

Sost Mm00470479_m1 

Ctsk Mm00484039_m1 

Tnfsf11 (Rankl) Mm00441906_m1 

Tnfrsf1 (Opg) Mm00435454_m1 

Csf1 (M-csf) Mm00432686_m1 
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Supplementary Figure 2: Trabecular bone parameters of tibias from WT and 
11βKO animals after three weeks corticosterone treatment 

 
(A) Representative images of reconstructed trabecular bone from tibia scans of 
untreated and three weeks 100 mg/L corticosterone drinking water WT and 11βKO 
animals. Micro-CT analysis of (B) bone volume (%) relative to total volume, (C) 
trabecular thickness (µm), (D) trabecular number (1/µm) and trabecular separation 
(µm) of WT and 11βKO animals with or without 100 mg/L corticosterone treatment for 
three weeks (WT n=8, WT Cort n=6, 11βKO n=7, 11βKO Cort n=7). Data is presented 
as mean ± SEM and statistical significance was determined using two-way ANOVA 
with Tukey’s multiple comparisons test (* denotes P≤0.05) 
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Introduction 
Patients with inflammatory arthritis experience extra- 
articular manifestations, including osteoporosis and 
muscle wasting, which closely correlate with measures of 
disease activity [1–4]. Glucocorticoids (GCs) are effective 
at controlling inflammation in rheumatoid arthritis (RA) 
and are recommended as an initial line of therapy for the 
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rapid control of disease [5–7]. However, long-term GC 
use is associated with osteoporosis and systemic muscle 
wasting, resulting in increased fracture risk and mortality 
in patients with RA [8–13]. 

It remains unclear what the effects of GCs on bone and 
muscle are, when used to treat new onset inflammatory 
arthritis, in particular, whether the beneficial effects of 
controlling articular and systemic inflammation on bone 
and muscle outweigh their direct catabolic actions in these 
tissues. 

Murine models of polyarthritis have proven a powerful 
tool in examining the pathophysiology of inflammatory 
diseases, such as RA. The TNF-tg mouse is a murine 
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Abstract 

Background: Patients with rheumatoid arthritis (RA) experience extra-articular manifestations including osteoporosis 
and muscle wasting, which closely associate with severity of disease. Whilst therapeutic glucocorticoids (GCs) reduce 
inflammation in RA, their actions on muscle and bone metabolism in the context of chronic inflammation remain 
unclear. We utilised the TNF-tg model of chronic polyarthritis to ascertain the impact of therapeutic GCs on bone and 
muscle homeostasis in the context of systemic inflammation. 

Methods: TNF-tg and wild-type (WT) animals received either vehicle or the GC corticosterone (100 μg/ml) in drinking 
water at onset of arthritis. Arthritis severity and clinical parameters were measured, serum collected for ELISA and 
muscle and bone biopsies collected for μCT, histology and mRNA analysis. In vivo findings were examined in primary 
cultures of osteoblasts, osteoclasts and myotubes. 

Results:  TNF-tg mice receiving GCs showed protection from inflammatory bone loss, characterised  by a reduction   
in serum markers of bone resorption, osteoclast numbers and osteoclast activity. In contrast, muscle wasting was 
markedly increased in WT and TNF-tg animals receiving GCs, independently of inflammation. This was characterised 
by a reduction in muscle weight and fibre size, and an induction in anti-anabolic and catabolic signalling. 

Conclusions: This study demonstrates that when given in early onset chronic polyarthritis, oral GCs partially protect 
against inflammatory bone loss, but induce marked muscle wasting. These results suggest that in patients with 
inflammatory arthritis receiving GCs, the development of interventions to manage deleterious side effects in muscle 
should be prioritised. 

Keywords: Polyarthritis, Glucocorticoids, Muscle wasting, Osteoporosis 
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model of polyarthritis driven by the transgenic overex- 
pression of the pro-inflammatory cytokine TNFα that 
proved valuable in the initial validation of anti-TNFα bi- 
ologicals [14]. We have previously shown that this ani- 
mal model develops systemic bone loss and muscle 
wasting in a manner consistent with human disease [15, 
16]. In this study, we use the TNF-tg model of polyar- 
thritis and wild-type (WT) counterparts to examine the 
effects of orally administered anti-inflammatory GCs on 
bone and muscle metabolism in the context of systemic 
inflammation. We demonstrate that during active poly- 
arthritis, therapeutic GCs are effective at suppressing 
synovitis, joint destruction and systemic bone loss, but 
markedly promote systemic muscle wasting. 

 
Materials and methods 
TNF‐transgenic mouse model 

Procedures on animals were performed under guidelines 
by the Animal (Scientific Procedures) Act 1986 in accord- 
ance with the project licence (P51102987) and approved 
by the Birmingham Ethical Review Subcommittee 
(BERSC). The TNF-tg model of chronic inflammatory 
polyarthritis, obtained courtesy of Dr. George Kollias 
(BSRC Fleming, Athens), were maintained on a C57BL/6 
background and compared to WT littermates [17]. At day 
32 of age, at the first onset of measurable polyarthritis, 
male TNF-tg mice received drinking water supplemented 
with either corticosterone (Cort) (100 μg/mL, 0.66% etha- 
nol), or vehicle (0.66% ethanol) for 3 weeks. Interventions 
were designed to model initial preventative bridging thera- 
peutic glucocorticoid treatments in early onset disease. 
Following the administration of vehicle and cortico- 
sterone, mice were scored twice weekly for clinical scores 
of disease activity and arthritic paw scores as previously 
described [18, 19]. Mobility of animals within cages was 
assessed by measuring numbers of rotations walked by an- 
imals in a 3-min period and normalised to rotations per 
minute to get an activity score. At day 53, serum was col- 
lected by cardiac puncture under terminal anaesthesia, 
and tissues excised for analysis. Wet tissue weights (mg) 
of tibialis anterior, quadriceps and tibia were recorded, 
normalised to total body weights and either snap frozen of 
fixed in 4% formalin (mg). 

 
Primary human osteoblast culture 

Following ethical approval (UK National Research Ethics 
Committee 14/ES/1044), patients with hip osteoarthritis 
(OA) (age 69 ± 3 years, Kellgren Lawrence grade 3/4; 
n = 4) were recruited prior to elective joint replacement 
surgery. Trabecular chips of approximately 400–600 mg 
were excised and placed in PBS prior to culturing. Re- 
agents were obtained from Sigma (Gillingham, UK) unless 
otherwise stated. Trabecular bone chips from patient 

samples were cultured in osteoclast growth media to fa- 
cilitate release of osteoblasts (Additional file 1: Table S1). 
Osteoblasts were allowed to grow and once confluent 
bone chips were removed. Osteoblasts were then differen- 
tiated in media containing TNFα (10 ng/ml) and/or corti- 
sol (1000 ng/ml). Treatments were replaced three times 
per week. Cultures were stained with 0.5% alizarin red S 
to confirm differentiation into mature osteoblasts. 

 
Primary human osteoclast culture 

Peripheral blood mononuclear cells (PBMCs) from 
healthy donors, obtained from the Scottish National Blood 
Transfusion Service (approved by Glasgow NHS Trust- 
East Ethics Committee), were isolated via Ficoll-paque 
PLUS (GE Healthcare) density gradient centrifugation and 
CD14+  monocytes  isolated  using  positive selection 
(Miltenyi). Monocytes were cultured in selective survival 
media (Additional file 1: Table S1). Osteoclasts were gen- 
erated using supplementation with1ng/ml RANKL over 
72 h before stimulation with vehicle, 10 ng/ml TNFα or 
1000 ng/ml corticosterone (or DMSO vehicle) as 
appropriate. Osteoclast numbers were assessed by staining 
with tartrate-resistant acid phosphatase (TRAP) kit 
(Sigma-Aldrich). Osteoclast activity was assessed on 
mineral-coated plates (Corning) at day 14. Images were 
acquired using EVOS FL Auto Cell Imaging System (Life 
Technologies). Osteoclasts were identified as TRAP +ve 
multinucleated cells (nuclei ≥ 3). Resorption area was cal- 
culated using Fiji software (ImageJ) and defined as % re- 
sorbed area of entire well. 

 
Primary murine muscle cell culture 

Primary myotubes were generated from tibialis anterior 
as previously described [20]. In brief, whole tibialis an- 
terior muscle was removed from WT C57/Bl6 animals at 
9 weeks and digested in type 1 collagenase at 37 °C for 2 
h before isolation of individual fibres. Fibres were plated 
in 2 ml of muscle expansion medium (Additional file 1: 
Table S1) and grown in plates coated with Matrigel™ 
(Corning Life Sciences, Flintshire, UK) (diluted 1/40 in 
DMEM High Glucose). Satellite cells migrating from 
muscle fibres were removed and cultured in mainten- 
ance medium until confluent, prior to differentiation in 
selective media for 5 days (Additional file 1: Table S1). 

 
Gene expression analysis 

Gene expression in cells and tissues was assessed using 
TaqMan® Gene Expression Assays (ThermoFisher 
Scientific). Tissues were homogenised in liquid nitrogen 
with a sterile pestle and mortar. mRNA was isolated 
using an innuPREP RNA Mini Kit (Analytikjena, 
Cambridge) as per the manufacturer’s instructions. One 
microgramme of RNA per sample was reverse tran- 
scribed using Multiscribe™ using the manufacturer’s 
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protocol (ThermoFisher Scientific) to generate cDNA. 
Alp, Bglap, Redd1, Foxo1, Trim63 and Fbxo32 were 
determined using species-specific probe sets by real- 
time PCR on an ABI7500 system (Applied Biosystems, 
Warrington, UK). Final reactions are listed in Add- 
itional file 1: Table S2. mRNA abundance was nor- 
malised to that of 18S or GAPDH. Data were  
obtained as Ct values and ΔCt determined (Ct target 
– Ct 18S/GAPDH). Data were expressed as arbitrary 
units (AU) using the following transformation: [arbi- 
trary units (AU) = 1000 × (2−Δct)]. 

 
ELISA analysis 

Serum IL-6 (R&D Systems, Abingdon, UK), P1NP and 
CTX-1 (Immunodiagnostic Systems, Tyne & Wear, UK) 
and conditioned media pro-collagen I α1 (R&D Systems, 
Abingdon, UK) were determined using a commercially 
available ELISA assays in accordance with the manufac- 
turer’s instructions. 

 
Histological analysis of joints and muscle 

Histochemistry was performed on paraffin-embedded 10- 
μm sections of hind paws and quadriceps of WT and 
TNF-Tg animals following staining with haematoxylin and 
eosin. Pannus size at the metatarsal-phalangeal joint inter- 
face was determined using Image J software as previously 
reported [18]. Sections were deparaffinised and incubated 
in TRAP buffer (Additional file 1: Table S3) for 1 h at 
37 °C to detect osteoclasts. Quantification of osteoclast 
numbers on the bone surface pannus interface of the 
ulna/humerus joint interface were normalised to bone sur- 
face area determined by image J analysis of TRAP-stained 
paraffin-embedded sections. Sections were stained with 
H&E prior to quantitative analysis in order to visualise 
pannus formation at the ankle joints and CSA of fibres. 
For all quantifications, the mean of data from three adja- 
cent 10-μm sections cut from the centre of the joint or 
from the vastus medialis from six animals was utilised and 
assessed using Image J software. 

 
MicroCT morphometry analysis 

Front paws and tibias from mice were imaged using a 
Skyscan 1172 micro-CT scanner (Bruker) using X-ray 
beam settings of 60 kV/167 μA with a 0.5-mm alumin- 
ium filter. Projections were taken every 0.45° at 580-ms 
exposure. Image volumes were reconstructed using the 
Feldkamp algorithm (NRecon 1.6.1.5, Bruker) having ap- 
plied beam hardening correction. Trabecular bone pa- 
rameters (bone volume to tissue volume (BV/TV), 
trabecular thickness (Tb.Th) and trabecular number 
(Tb.N)) of the tibia were analysed using CTAn software. 
One millimetre of bone (150 sections) in the metaphy- 
seal region beneath the growth plate was analysed, and 
regions  of  interest  (ROI)  were  selected  by drawing 

around the trabecular network for each cross-sectional 
slice. Front paws were reconstructed, and MeshLab 1.3.2 
was used to generate meshes which could then be scored 
for bone erosions as described previously [18]. 

 
Immunoblot analysis 

Briefly, muscle were homogenised in 10-fold volume ex- 
cess of ice-cold sucrose lysis buffer (Additional file 1: 
Table S3). Protein concentration was determined using 
the Bradford protein assay (ThermoScientific). Forty 
microgrammes of protein was loaded into 4–12% Bis- 
Tris midi protein gels (Invitrogen) prior to electrophor- 
esis. Proteins were transferred and blocked in blocking 
buffer (Additional file 1: Table S3) before incubation 
with primary antibodies (Additional file 1: Table S4) 
overnight at 4 °C. Membranes were then incubated in 
horseradish peroxidase-conjugated secondary antibody 
(1/10,000) at room temperature for 1 h. Antibody 
detection was performed via enhanced chemilumines- 
cence horseradish peroxidase substrate detection kit 
(Millipore). Imaging was undertaken using a G:Box 
Chemi-XR5 (Syngene) and band quantification via 
(ImageJ). All data were corrected for protein loading as 
determined after Ponceau S staining (Sigma-Aldrich). 

 
Statistical analysis 

Statistical significance was defined as P < 0.05 (*P < 0.05; 
**P < 0.01; ***P < 0.001) using either an unpaired 
Student’s t test or two way ANOVA with a Bonferroni 
correction Tukey post hoc analysis where a Gaussian 
distribution is identified. 

 
Results 
Oral GCs suppress disease activity in TNF‐tg animals 

TNF-tg mice received drinking water containing vehicle 
or corticosterone at 100 μg/ml for 3 weeks. Daily oral 
water intake of corticosterone was calculated per mouse 
and was shown to be 22.0 ± 0.83 and 23.2 ± 2.0 μg/g body 
weight/day and did not vary significantly between groups 
(Additional file 2: Figure S1a). Serum corticosterone was 
shown to be significantly elevated in both WT and TNF-tg 
animals receiving corticosterone following oral intake rela- 
tive to vehicle-treated controls (WT vehicle, 128.3 ± 66.7, 
WT CORT, 456.2 ± 82.5 ng/ml; P < 0.005; TNF-tg vehicle, 
119.8 ± 29.9, TNF-tg CORT, 485.1 ± 43.7 ng/ml; P < 0.005) 
(Additional file 2: Figure S1b). Body weights did not 
vary significantly between groups (Additional file 2: 
Figure S1c). TNF-tg mice developed significant joint in- 
flammation by day 53, characterised by increased joint de- 
formity, redness and reduced mobility (clinical score, wild 
type, 0.6 ± 0.004 vs TNF-tg, 6.2 ± 0.3; P < 0.005; joint in- 
flammation, wild type, 0.16 ± 0.0001 vs TNF-tg, 7.2 ± 0.7; 
P < 0.0001) (Fig. 1a, b). Corticosterone significantly re- 
duced joint inflammation in TNF-tg animals (clinical 
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Fig. 1 a Clinical scoring (weight, inflammation, grimace, behaviour, mobility, inflammation severity and duration); b scoring of joint inflammation; 
c quantification of cortical erosion (arbitrary units) in the bones of the ankle, metatarsals and phalanges; d representative images of 3D reconstructions 
of hind paws using micro-CT; e histological scoring of synovitis (arbitrary units); f histological scoring (arbitrary units) of TRAP +ve osteoclast numbers 
at the ulna/humerus joint interface; g representative images of synovitis at the ulna/humerus joint interface; h representative images of TRAP +ve 
osteoclast numbers at the ulna/humerus joint interface; and i serum IL-6 levels determined by ELISA in WT and TNF-tg animals receiving either vehicle 
or corticosterone (100 μg/mL) in drinking water over 3 weeks. Values are expressed as mean ± standard error of six animals per group. Statistical 
significance was determined using two-way ANOVA with a Tukey post hoc analysis. Black arrows indicate sites of full-thickness cortical erosions. 
*P < 0.05, **P < 0.005, ***P < 0.001 

 

score, TNF-tg/vehicle, 6.2 ± 0.3 vs TNF-tg/cort, 3.3 ± 0.9; 
P < 0.005; joint inflammation, TNF-tg/vehicle, 6.2 ± 0.3 vs 
TNF-tg/cort, 2.2 ± 0.4; P < 0.0005) (Fig. 1a, b) [21]. Scor- 
ing of synovitis and joint erosions by histology and micro- 
CT revealed a marked increase in vehicle-treated TNF-tg 

mice relative to WT controls (Fig. 1c, d, e, g). These were 
significantly abrogated in TNF-tg animals receiving cor- 
ticosterone (joint erosion score, TNF-tg/vehicle, 13.6 ± 1.3 
vs TNF-tg/cort, 5.3 ± 2.1; P < 0.0005, Pannus area, 
TNF-tg/vehicle, 0.14 ± 3.9 vs TNF-tg/cort, 0.025 ± 0.004; 
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P < 0.0005) (Fig. 1c, d, e, g). Juxta articular bone loss was 
characterised by increased osteoclast numbers at the pan- 
nus/subchondral bone interface (Fig 1f, h). Corticosterone 
treatment reversed this, dramatically reducing osteoclast 
numbers (TNF-tg/vehicle, 18 ± 3.3 vs TNF-tg/cort, 
1.5 ± 0.2; P < 0.0005). Serum IL-6 was potently upregu- 
lated in vehicle-treated TNF-tg animals and strongly sup- 
pressed in animals receiving corticosterone. These data 
demonstrate that corticosterone administered at 100 μg/ 
ml in drinking water over 3 weeks is sufficient to markedly 
suppress disease activity and joint destruction. 

 
Oral GCs   prevent    trabecular   bone    loss   during   polyarthritis  

In vehicle-treated TNF-tg animals, significant trabecular 
bone loss was apparent at day 53 (Fig. 2a). This appeared 
to be partially abrogated in TNF-tg animal receiving cor- 
ticosterone. Analysis of trabecular bone volume to tissue 
volume (BV/TV), trabecular thickness (Tb.Th) and 
trabecular number (Tb.N) was performed in all groups. 
In vehicle-treated TNF-tg animals, a significant reduc- 
tion in all parameters was apparent. Treatment with cor- 
ticosterone partially protected from the loss in BV/TV 
(BV/TV: TNF-tg/vehicle, 2.1% ± 0.21 vs TNF-tg/cortico- 
sterone, 4.3% ± 0.23, P < 0.05) (Fig. 2b). Analysis of 

Tb.Th in TNF-tg animals revealed a similar loss of tra- 
becular thickness in those treated with either vehicle or 
corticosterone (Tb.Th: TNF-tg/vehicle, 50.2 μm ± 3.7 vs 
TNF-tg/corticosterone, 50.6 μm ± 2.7, NS) (Fig. 2c). In 
contrast, corticosterone was able to protect against the 
reduction in trabecular number in this model of in- 
flammatory polyarthritis (Tb.N: TNF-tg/vehicle, 0.0004 1/ 
μm ± 0.00002 vs TNF-tg/corticosterone, 0.00083 1/μm± 
0.00002, P < 0.0001) (Fig. 2d). Together these data demon- 
strate that oral administration of corticosterone provides 
partial protection from inflammatory bone loss in TNF-tg 
mice, characterised by preservation of trabecular number 
but not thickness. 

 
GCs suppress both bone formation and resorption during 

inflammation 

To delineate the actions of corticosterone on bone turn- 
over in TNF-tg mice, we examined systemic markers of 
bone formation (P1NP) and resorption (CTX-1) and mod- 
elled therapeutic GC treatments in human cultures of os- 
teoblasts and osteoclasts in combination with TNFα. 
Whilst TNF-tg animals had significantly lower P1NP 
levels at day 53 relative to WT counterparts, both groups 
developed a comparable suppression of P1NP in response 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 a Representative images of 3D reconstructions of tibia trabecular bone using micro-CT, b bone volume to tissue volume (BV/TV), c 
trabecular thickness (Tb.Th) and d trabecular number (Tb.N) determined by Meshlab software analysis of micro CT in WT and TNF-tg animals receiving 
either vehicle or corticosterone. Values are expressed as mean ± standard error of six animals per group. Statistical significance was determined using 
two-way ANOVA with a Tukey post hoc analysis. *P < 0.05, **P < 0.005, ***P < 0.001. Black arrows indicate erosions 
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to corticosterone (wild type/vehicle, 494 ng/ml ± 46.3 vs 
wild type/corticosterone, 31.3 ng/ml ± 8.2; P < 0.0001, 
TNF-tg/vehicle, 269.7 ng/ml ± 27.2 vs TNF-tg/cortico- 
sterone, 32.3 ng/ml ± 7.5; P < 0.0001) (Fig. 3a). Analysis of 
mature osteoblast markers in tibia homogenates sup- 
ported these data. Here, whilst gene expression of alkaline 
phosphatase (Alp) and osteocalcin (Bglap) were signifi- 
cantly reduced in TNF-tg animals at day 53 relative to 

WT counterparts (Alp, 2.2-fold; Bglap, 2.6-fold; P < 
0.0001), a comparable suppression of gene expression was 
apparent in both groups receiving corticosterone relative 
to vehicle (wild type, 32-fold; P < 0.0001, TNF-tg, 6-fold; 
P < 0.0001) (Fig. 3b, c). In mature primary human osteo- 
blasts, incubation with the pro-inflammatory cytokine 
TNFα resulted in a significant reduction in both pro- 
collagen production and osteocalcin mRNA (Fig. 3d, f ). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 a Serum P1NP (ng/ml) determined by ELISA. b, c Gene expression (AU) of Alp and Bglap, determined by RT qPCR in tibia homogenates, in WT 
and TNF-tg animals receiving either vehicle or corticosterone (100 μg/mL) in drinking water over 3 weeks. d Representative image of primary human pre-
osteoblasts and mature nodule forming osteoblasts in vitro stained with alizarin red. e Pro-collagen 1 α1 formation determined by ELISA and f 
quantification of  gene  expression  (arbitrary  units)  of  Bglap,  determined  by  RT qPCR  in  primary  cultures  of mature  osteoblasts  treated  with  either 
vehicle,  TNFα  (10 ng/ml),  corticosterone  (1 μmol/l)  or a combination  of TNF  and  corticosterone  for  48 h. g Serum  CTX-1  (ng/ml)  determined  by ELISA  in 
WT  and  TNF-tg  animals  receiving  either  vehicle  or  corticosterone.  h  TRAP  +ve  cells  per  well  and  i  %  calcified  matrix  resorption  in  primary  human 
osteoclasts cultures treated with either vehicle,  TNFα  (10 ng/ml),  corticosterone  (1 μmol/l)  or a combination  of TNFα  and  corticosterone  over  differentiation 
from mononuclear cells. Values are expressed as mean ± standard error of six animals or primary cultures derived from six separate individuals. Statistical 
significance  was determined  using  either  two-way  or one-way  ANOVA with  Tukey post hoc analysis. *P < 0.05, **P < 0.005,  ***P < 0.001 
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Here, the addition of the GC cortisol resulted in a com- 
parable and dramatic suppression of osteoblast matrix for- 
mation and mRNA expression in control and TNFα- 
treated osteoblasts (pro-collagen Iα1, control, 524 ng/ml ± 
128.9 vs cortisol, 50.0 ng/ml ± 93.1, P < 0.001, TNFα, 
158.2 ng/ml ± 131.4 vs TNFα/cortisol, 11.3 ng/ml ± 6.8; 
P < 0.001; BGLAP, control vs cortisol, 43-fold suppression; 
P < 0.001, TNFα vs TNFα/cortisol; 10-fold suppression; 
P < 0.05). 

Serum CTX-1 levels were determined as a measure of 
osteoclastic bone resorption. TNF-tg animals receiving cor- 
ticosterone had a significant suppression of CTX-1 at day 
53 (TNF-tg/vehicle, 87.6 ng/ml ± 11.3 vs TNF-tg/cortico- 
sterone, 36.3 ng/ml ± 3.1; P < 0.05) (Fig. 3g). In primary hu- 
man osteoclasts, the addition of cortisol to TNFα- 
stimulated cultures resulted in a significant suppression of 
both osteoclast numbers and calcified matrix resorption in 
vitro (osteoclast no., TNFα, 297.5 cells per well ± 53.7 vs 
TNFα/cortisol, 85.6 cells per well ± 17.8; P < 0.05; resorbed 
area, TNFα, 32.5% ± 7.0 vs TNFα/cortisol, 2.1% ± 0.8; 
P < 0.05) (Fig. 3h, i). The resorption pits in wells treated 
with cortisol were characterised by a reduction in both 
number and size (Additional file 3: Figure S2a). These data 
indicate that GCs suppress both osteoblast bone forma- 
tion and osteoclast maturation and activity. 

 
Oral GCs drive severe muscle wasting and reduce 

mobility in TNF‐tg animals 

We examined muscle weights and morphology in WT and 
TNF-tg animals receiving corticosterone. Corticosterone 
significantly reduced quadriceps and tibialis anterior 
weights in WT and TNF-tg animals relative to vehicle 
controls (quadriceps, wild type/vehicle, 0.0029 mg/body 
weight ± 0.00024 vs wild type/corticosterone, 0.0019 mg/ 
body weight ± 0.00021; P < 0.0001; TNF-tg/vehicle, 
0.0025.7 mg/body weight ± 0.00025 vs TNF-tg/cortico- 
sterone, 0.0017 mg/body weight ± 0.00028; P < 0.001) 
(Fig. 4a, b). Analysis of animal mobility with cages was 
assessed at day 53 to determine the effects of polyarthritis 
and corticosterone treatment (Fig. 4c). Here, a significant 
reduction in movement was apparent in TNF-tg animals 
relative to WT counterparts. This was mirrored by a 
comparable reduction in movement seen in both WT and 
TNF-tg animals receiving corticosterone relative to 
vehicle-treated WT counterparts. Analysis of average 
muscle fibre cross-sectional area (CSA) indicated that this 
was underpinned by a reduction in muscle fibre size in 
WT and TNF-tg animals receiving corticosterone (fibre 
size, wild type/vehicle, 2064 μm2 ± 144 vs wild type/cor- 
ticosterone, 1636 μm2 ± 96; P < 0.05; TNF-tg/vehicle, 
1767 μm2 ± 76 vs TNF-tg/corticosterone, 1559 μm2 ± 88; 
P < 0.05) (Fig. 4c–e). Further analysis of fibre CSA distri- 
bution identified a significant shift towards increased 
small diameter fibres in TNF-tg animals relative to WT 

counterparts (Fig. 4e). In response to corticosterone, both 
WT and TNF-tg animals demonstrated a further shift in 
fibre CSA distribution, favouring a significant increase in 
small fibres (800–1800 μm2) and significant reduction in 
large fibres (2200–2600 μm2) relative to vehicle-treated 
controls (Fig. 4f, g). In contrast, no significant shift was 
observed between WT and TNF-tg animals receiving cor- 
ticosterone (Fig 4h). These data demonstrate that during 
active polyarthritis, administration of oral corticosterone 
promotes muscle wasting independent of  inflammation. 

 
During inflammation, oral GCs drive catabolic and anti‐ 

anabolic muscle wasting 

To ascertain the pathways that underpin increased muscle 
wasting in TNF-tg mice treated with GCs, we examined 
well-defined catabolic and anti-anabolic signalling 
pathways in tibialis anterior muscle homogenates and in 
primary muscle cultures. In wild-type animals, cortico- 
sterone resulted in a comparable induction in expression 
of the anti-anabolic gene Redd1 and the catabolic genes 
Foxo1, Trim63 and Fbxo32 (Redd1, 7.7-fold; P < 0.005; 
Foxo1, 10.3-fold; P < 0.0005; Trim63, 7.8-fold; P < 0.05; 
Fbxo32, 8.9-fold; P < 0.0005) (Fig. 5a–d). Comparable in- 
ductions in gene expression of Foxo1, Trim63 and Fxo32 
were also apparent in TNF-tg animals receiving cortico- 
sterone (Foxo1, 3.1; P < 0.005, Trim63, 3.2-fold; P < 0.05; 
Fbxo32, 5.2-fold; P < 0.0005) (Fig. 5b–d, Additional file 4: 
Figure S3). These results were supported by a marked in- 
crease in protein expression of both phosphorylated and 
total Foxo1 in WT and TNF-tg animals in response to cor- 
ticosterone (Fig. 5j). In contrast, expression of anabolic 
factors such as EF2 did not differ between groups. A dee- 
per analysis of muscle gene expression was performed 
examining catabolic signalling and E3 ligases (Foxo1, 
Fbxo32, Trim63, Ube3a), anabolic and anti-anabolic myo- 
kines and signalling (Igf1, Igf2, Mstn, Redd1), muscle dif- 
ferentiation (Myog, MyoD, Myf5, Myf6) and inflammatory 
myokines and signalling (Tnfa, Il6, Cxcl1, IkBa) (Add- 
itional file 3: Figure S2a-p). In addition to the upregulation 
of all atrogenes examined, gene expression of the inflam- 
matory myokines Il6 and Cxcl1 showed evidence of sup- 
pression in response to corticosterone in line with 
expected anti-inflammatory action. Similar observations 
were apparent in primary cultures of murine muscle cells 
treated with corticosterone. Here, a significant upregula- 
tion was observed in Trim63 and Fbxo32 regardless of in- 
flammatory stimulation with TNFα (Fig. 5e–i). These data 
demonstrate that at therapeutic doses, GCs result in a sig- 
nificant induction in anti-anabolic and catabolic gene ex- 
pression in muscle. 

 
Discussion 
We employed a murine model of polyarthritis treated 
with oral corticosterone to examine the effects of GCs 
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on bone and muscle in the context of initial preventative 
bridging therapy in early-onset polyarthritis. This ap- 
proach was effective at suppressing disease activity and 
joint destruction and has previously been demonstrated 
to mimic the kinetics of oral GC therapy [22]. Clinically, 
GCs suppress disease activity, joint destruction and sys- 
temic inflammation, which are drivers of bone and 
muscle loss in RA [1, 23–26]. However, whilst effective 
in controlling disease activity, they are independently as- 
sociated with GC-induced osteoporosis and muscle 
wasting through direct anti-anabolic and catabolic path- 
ways [8–13, 27, 28]. Currently, their impact on bone and 
muscle when used to treat new-onset inflammatory arth- 
ritis remains unclear. 

The anti-inflammatory properties of oral GC adminis- 
tration were evidenced by a marked suppression in 

disease activity, joint inflammation and joint destruction 
in the TNF-tg model. We observed a marked decrease in 
trabecular bone volume at day 53 in TNF-tg mice, char- 
acterised by an increase in osteoclast activity and num- 
bers. Administration of oral GCs resulted in a significant 
protection from this inflammatory bone loss. 

Increased osteoclast numbers and activity are recog- 
nised mediators of inflammatory bone loss in RA, whilst 
therapeutic control of inflammation abrogates this [29– 
31]. Our study mirrors these findings, where TRAP +ve 
osteoclast numbers and bone resorption determined by 
serum CTX1 were significantly reduced in animals re- 
ceiving corticosterone. In vitro data supported these 
findings where osteoclast numbers and activity were 
markedly reduced by GCs in TNFα-stimulated osteo- 
clasts. These data indicate that the protection from 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 a, b Total quadriceps and tibialis anterior muscle weights relative to total bodyweight, c  mouse activity determined by rotations of cage           
per minute, d average quadriceps muscle fibre cross sectional area (μm2), e representative images of quadriceps muscle sections, f–i  distribution       
of quadriceps muscle fibre cross-sectional area determined using Image J in paraffin embedded sections in WT and TNF-Tg animals receiving either 
vehicle or corticosterone (100 μg/mL) in drinking water over 3 weeks. Values are expressed as mean ± standard error of six animals per group. 
Statistical significance was determined using two-way ANOVA with a Tukey post hoc analysis. *P < 0.05, **P < 0.005, ***P < 0.001 (scale bars, 50 μm) 
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Fig. 5 a–d Quantification of gene expression (arbitrary units) of Redd1, Foxo1, Trim63 and Fbxo32, determined by RT qPCR, in ex vivo quadriceps 
biopsies. e–h Representative images of primary murine myoblast and myotubes and quantification of gene expression of Redd1, Foxo1, Trim63 and 
Fbxo32, determined by RT qPCR and j representative western blot staining for p-Foxo1, total Foxo1, pEF2 and p-EF2 after loading of 20 μg of protein 
and normalisation to ponso staining in quadriceps for either WT mice and TNF-Tg animals receiving either vehicle or corticosterone (100 μg/mL) in 
drinking water over 3 weeks or in primary myotubes treated with either vehicle, TNFα (10 ng/ml), corticosterone (1 μmol/l) or a combination of TNF 
and corticosterone for 48 h. Values are expressed as mean ± standard error of six animals or primary cultures derived from four separate animals. 
Statistical significance was determined using two-way ANOVA with a Tukey post hoc analysis. *P < 0.05, **P < 0.005, ***P < 0.001 

 
 
 

inflammatory bone loss in TNF-tg animals receiving cor- 
ticosterone are mediated through the suppression of 
osteoclastic bone resorption. 

Both inflammation and GCs are reported to be 
negative regulators of bone formation and osteo- 
blastogenesis [32–34]. Here, the anti-anabolic actions 
of GCs on bone formation are associated with a rapid 

 
suppression of P1NP and reduction in trabecular bone 
in patients [34]. 

In our study, whilst markers of mature osteoblasts and 
bone formation were suppressed in TNF-tg animals, 
therapeutic GCs dramatically exacerbated this and mir- 
ror observations in patient studies. These data suggest 
that the direct anti-anabolic actions of GCs outweigh 
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positive effects of suppressing inflammation on bone for- 
mation in vivo. 

Several studies have explored the effects of therapeutic 
GCs on bone metabolism in RA. These yielded conflict- 
ing outcomes and are complicated by differences in dis- 
ease severity, parallel DMARD therapy and dosing of 
GCs. Several reported increased fracture risk, with com- 
plications more apparent at higher doses [23, 35–37]. 
Others reported no worsening of bone mineral density 
or fracture risk when given at low doses in combination 
with DMARDS [3, 38, 39]. 

In contrast to bone loss, oral GCs increased muscle 
wasting and did not restore animal mobility in the TNF- 
tg model of polyarthritis, despite effective suppression of 
disease activity. This was characterised by a comparable 
decrease in muscle wet weights and fibre size in WT and 
TNF-tg animals suggesting that these changes occur in- 
dependent of inflammatory muscle wasting and that 
GC-driven muscle wasting impacts on animal mobility. 

In patients receiving therapeutic GCs, muscle wasting 
is characterised by increased protein breakdown driven 
through the ubiquitin proteasome and the lysosomal sys- 
tems [11–13, 28]. Our results mirror this with an upreg- 
ulation of anti-anabolic and catabolic pathway activation 
in animals receiving corticosterone. 

Similar results were observed in primary muscle cul- 
tures, where regardless of pro-inflammatory stimulation 
with TNFα, a direct induction of catabolic gene expression 
was observed in response to GCs. Additive or synergistic 
catabolic actions in muscle by oral GCs in combination 
with inflammation were not observed in this study. This is 
most likely attributed to the effective suppression of well- 
defined inflammatory mediators of muscle wasting that 
are themselves suppressed by GCs [40–42]. 

Few studies address therapeutic GC use on muscle 
wasting in RA. However, of note, a recent study by Lem- 
mey et al. reported a rapid loss of muscle mass in RA 
patients receiving a single intramuscular injection of 
GCs to treat disease flares [43]. Unfortunately, this study 
was not able to address the impact of disease activity (it- 
self a significant driver of muscle wasting) and DMARD 
use on muscle wasting independent of corticosterone 
use. However, our study supports the author’s conclu- 
sions that muscle wasting is an immediate and severe 
complication in RA patients receiving GCs, independent 
of inflammation. Indeed, the marked increase in fracture 
risk upon initiation of GCs in RA may be primarily 
driven by GC-induced muscle wasting, rather than sec- 
ondary to GC-induced osteoporosis [44]. 

 
 
Conclusions 
Using an animal model of chronic polyarthritis, this 
study examined how controlling disease activity with 

oral GCs as a monotherapy influenced inflammatory 
osteoporosis and muscle wasting. We demonstrate that 
when given in early disease, oral GCs protect against in- 
flammatory bone loss, but induce marked systemic 
muscle wasting. These results suggest that the develop- 
ment of interventions to manage deleterious side effects 
in muscle should be prioritised in patients with inflam- 
matory arthritis receiving GCs. 
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Introduction 
Therapeutic glucocorticoids (GCs) show marked effi- 
cacy in the treatment of chronic inflammatory condi- 
tions. Unfortunately, prolonged exposure to GCs 
results in severe adverse metabolic side effects includ- 
ing osteoporosis, insulin resistance and obesity, se- 
verely limiting their long-term therapeutic application 

[1–3]. Glucocorticoid-induced osteoporosis (GIOP) is 
common in patients receiving therapeutic GCs with 
30–50% of patients developing decreased bone min- 
eral  density  and  increased  fracture  risk within 
6 months [4–6]. Several mechanisms have been pro- 
posed whereby GCs cause loss of bone mineral dens- 
ity and deterioration in bone architecture. Chief 

   amongst these is the direct inhibition of the osteoid- 
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forming osteoblasts within bone, as evidenced by a 
marked and rapid suppression of serum P1NP and 
osteocalcin in patients receiving the therapeutic GC 
prednisolone [7]. In addition, GCs cause increased 
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Abstract 

Background: Despite their efficacy in the treatment of chronic inflammation, the prolonged application of therapeutic 
glucocorticoids (GCs) is limited by significant systemic side effects including glucocorticoid-induced osteoporosis 
(GIOP). 11β-Hydroxysteroid dehydrogenase type 1 (11β-HSD1) is a bi-directional enzyme that primarily activates GCs in 
vivo, regulating tissue-specific exposure to active GC. We aimed to determine the contribution of 11β-HSD1 to GIOP. 

Methods: Wild type (WT) and 11β-HSD1 knockout (KO) mice were treated with corticosterone (100 μg/ml, 0.66% 
ethanol) or vehicle (0.66% ethanol) in drinking water over 4 weeks (six animals per group). Bone parameters were 
assessed by micro-CT, sub-micron absorption tomography and serum markers of bone metabolism. Osteoblast and 
osteoclast gene expression was assessed by quantitative RT-PCR. 

Results: Wild type mice receiving corticosterone developed marked trabecular bone loss with reduced bone volume 
to tissue volume (BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb.N). Histomorphometric analysis 
revealed a dramatic reduction in osteoblast numbers. This was matched by a significant reduction in the serum 
marker of osteoblast bone formation P1NP and gene expression of the osteoblast markers Alp and Bglap. In 
contrast, 11β-HSD1 KO mice receiving corticosterone demonstrated almost complete protection from trabecular 
bone loss, with partial protection from the decrease in osteoblast numbers and markers of bone formation relative to 
WT counterparts receiving corticosterone. 

Conclusions: This study demonstrates that 11β-HSD1 plays a critical role in GIOP, mediating GC suppression of 
anabolic bone formation and reduced bone volume secondary to a decrease in osteoblast numbers. This raises 
the intriguing possibility that therapeutic inhibitors of 11β-HSD1 may be effective in preventing GIOP in patients 
receiving  therapeutic steroids. 

Keywords:  Glucocorticoids, Osteoporosis, 11β-HSD1, Trabecular   bone 
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bone resorption by supporting the survival, differentiation 
and activation of osteoclasts in vivo [8–12]. Additional 
mechanisms whereby GCs drive bone loss include the 
suppression of anabolic sex steroids as well as calcium and 
vitamin D metabolism and induction of myopathy that 
collectively contribute to systemic bone loss [13, 14]. 

11β-Hydroxysteroid dehydrogenase type 1 (11β- 
HSD1) is a bi-directional enzyme that, in the presence 
of the NADPH-generating enzyme H6PDH, primarily 
activates GCs (cortisone to cortisol in humans, 11- 
dehydrocorticosterone to corticosterone in mice) in 
vivo and determines their tissue-specific exposure 
[15]. In response to therapeutic glucocorticoids, such 
as hydrocortisol and prednisolone, renal inactivation 
competes with hepatic reactivation of steroids, provid- 
ing both active and inactive glucocorticoid substrates 
in the circulation for tissue-specific metabolism by 
11β-HSD1 [16, 17]. Pre-receptor metabolism of GCs 
by this enzyme has been shown to be critical in me- 
diating insulin resistance, obesity, skin thinning and 
hepatic steatosis in mice following exposure to both 
active and inactive GCs [18]. This is in part mediated 
through renal inactivation of active GCs by 11β-hy- 
droxysteroid dehydrogenase type 2 (11β-HSD2), which 
are then recycled within peripheral target tissues ex- 
pressing 11β-HSD1. 

Currently, the contribution of 11β-HSD1 to GIOP is 
poorly understood despite its expression being reported in 
primary osteoblasts and bone, where it is potently upregu- 
lated by inflammation [19–23]. In this study, we employed 
a murine model of exogenous oral corticosterone delivery, 
known to closely mimic the kinetics of clinical GC ther- 
apy, in wild type (WT) and global 11β-HSD1 knockout 
(KO) mice to delineate the contribution of 11β-HSD1 to 
GIOP, and demonstrate its critical role in mediating the 
effects of therapeutic GCs on bone [24]. 

 
Materials and methods 
11β‐HSD1 KO mouse model 

Experiments were carried out at the University of 
Birmingham, UK (project licence number P51102987), 
following strict guidelines governed by the UK Animal 
(Scientific Procedures) Act 1986 and were approved by 
the local ethics committee (BERSC: Birmingham Ethical 
Review Subcommittee). 11β-HSD1 KO mice were gener- 
ated as previously described through crossing HSD11B1 
floxed mice with the ZP3-Cre expressing strain to 
achieve germline deletion of 11β-HSD1 [25]. Nine-week- 
old male WT or 11β-HSD1 KO littermate mice on a 
C57BL/6 J background had ad libitum access to standard 
chow and drinking water supplemented with either cor- 
ticosterone (Cort) (100 µg/mL, 0.66% ethanol), or vehicle 
(0.66% ethanol) for 4 weeks (six animals per group, 24 
animals  in  total).  Treatments  were  replaced twice 

weekly. At the end of the experiment, 13-week-old ani- 
mals were culled by cervical dislocation following a car- 
diac bleed under terminal anaesthetic and tissues 
excised, weighed and fixed in 4% formalin or snap-fro- 
zen in liquid nitrogen for later analyses. 

 
Analysis of mRNA abundance 

Expression of specific mRNAs was determined using Taq- 
Man® Gene Expression Assays (Thermo Fisher Scientific, 
Loughborough, UK). RNA was extracted from homoge- 
nised tibia. Briefly, whole tibias were removed from the 
hind limb ensuring complete removal of soft tissue under a 
dissection microscope. The heads of bone were removed at 
the metaphysis, and the bone marrow was flushed with a 
syringe. The diaphysis of the tibia was powdered in liquid 
nitrogen in a sterilised pestle and mortar. mRNA isolation 
was then performed on the resulting homogenate using an 
innuPREP RNA Mini Kit (Analytikjena, Cambridge, UK) as 
per the manufacturer’s instructions.  Aliquots  containing 
1 µg of RNA were then reverse transcribed using random 
hexamers according to the manufacturer’s protocol 
(4311235, Multiscribe™, Thermo Fisher Scientific) to gener- 
ate cDNA. The levels of murine 11β-HSD1 (Hsd11b1), 
RUNX2 (Runx2), OPG (Tnfrsf11b), RANKL (Tnfsf11), 
osteocalcin (Bglap), cathepsin K (Ctsk), alkaline phosphat- 
ase (Alp) and sclerostin (Sost) were assessed to determine 
expression of genes that define osteoblasts and osteoclasts 
and contribute to the balance of bone metabolism. Gene 
expression was determined using species-specific probe sets 
for real-time PCR on an ABI7500 system (Applied Biosys- 
tems, Warrington, UK). Final reactions contained 2X Taq- 
Man PCR mastermix (Life Technologies), 200 nmol 
TaqMan probe and 25–50 ng cDNA. The abundance of 
specific mRNAs in a sample was normalised to that of 18S 
RNA. Data were obtained as Ct values and used to deter- 
mine Ct values (Ct target − Ct 18S). Data were expressed 
as arbitrary units using the following transformation: [arbi- 
trary units (AU) = 1000 × (2− ct)]. 

 
11β‐HSD1 activity of tibia tissue 

Ex vivo tibia biopsies were placed in a culture medium con- 
taining 100 nmol/l of 11-dehydrocorticosterone (11-DHC) 
(to measure oxo-reductase/activation activity) along with 
tritiated [3H] tracer amounts of 11-DHC. Steroids were ex- 
tracted using dichloromethane and separated by thin-layer 
chromatography using ethanol:chloroform (8:92) as the 
mobile phase. Thin-layer chromatography plates were ana- 
lysed by a Bioscan imager (Bioscan, Washington, DC, USA) 
and the fractional conversion of steroids was calculated. 
The protein concentration was assessed by a 96-well assay 
kit (Bio-Rad). Results were expressed as picomole product/ 
per milligramme of protein/hour, and experiments were 
performed in triplicate. 
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Analysis of corticosterone, P1NP and CTX by ELISA 

Serum was collected from mice by cardiac puncture under 
terminal anaesthetic. Briefly, whole blood was left at room 
temperature for 30 min prior to centrifugation for 20 min 
at 12,000 rpm. Serum was aspirated and stored at − 80 °C 
prior to analysis. Unbound, serum-free corticosterone 
levels were measured using a commercially available sand- 
wich ELISA designed to specifically detect active (but not 
inactive 11DHC) steroid (cat no: KGE009, R&D systems, 
Abingdon, UK). Serum was analysed in accordance with 
the manufacturer’s instructions and data expressed as 
nanogrammes per millilitre (ng/ml). Serum P1NP was de- 
termined using a commercially available sandwich ELISA 
(cat no: AC-33F1, Immunodiagnostic Systems, Tyne & 
Wear, UK) in accordance with the manufacturer’s instruc- 
tions and data expressed as ng/ml. Serum CTX-1 was de- 
termined using a commercially available sandwich ELISA 
(cat no: AC-06F1, Immunodiagnostic Systems, Tyne & 
Wear, UK) in accordance with the manufacturer’s instruc- 
tions and data expressed as units per microlitre. 

 
Static histomorphometry 

Static histomorphometry was performed by the skelet.AL 
Skeletal Analysis Laboratories. Briefly, lumbar vertebrae 3 
and 4 were fixed in 10% neutral buffered formalin, decalci- 
fied in EDTA and embedded in paraffin, and 3-µm sec- 
tions were cut using a Leica Microsystems microtome 
(Leica Microsystems, Milton Keynes, UK). The sections 
were stained with either haematoxylin and eosin or tar- 
trate-resistant acid phosphatise (TRAP) to identify osteo- 
clasts and counterstained with Gill’s haematoxylin. The 
sections were examined by light microscopy (Leica Micro- 
systems). The number of osteoblasts and osteoclasts per 
millimetre were measured on 6.5 mm of the corticoendos- 
teal surfaces, starting 0.25 mm from the growth plate 
using the Osteomeasure analysis software (Osteometrics, 
Decatur, GA, USA). 

 
Micro‐CT morphometry analysis 

Formalin-fixed tibiae from 13-week-old mice were 
scanned using a Skyscan 1172 X-ray microtomograph at 
60 kV/167 µA with a 0.5-mm aluminium filter. Images 
were obtained at a 5-µm resolution with a rotation step 
of 0.45°. NRecon software was used to reconstruct the 
images. Trabecular and cortical bone parameters were 
analysed using CTAn Skyscan software: regions of inter- 
est (ROI) were selected by drawing around trabecular or 
cortical bone regions for each cross-sectional slice; the 
tibia and bone architecture was determined by quantify- 
ing trabecular and cortical bone parameters using CTAn 
software. Trabecular bones 1.35 mm in length (200 sec- 
tions) were selected for trabecular bone analysis at the 
metaphyseal region near the growth plate. Extent was 
determined by the length of trabecular bone growth in 

each sample, which was calculated by multiplying 
slice number by pixel size of  scanned  image  
(13.5 µm). Meshlab software was used to process 3D 
meshes of tibiae and calculate trabecular bone volume 
to tissue volume (BV/TV), trabecular number (Tb.N), 
trabecular separation (Tb.Sp) and trabecular thickness 
(Tb.Th). 

 
Synchrotron sub‐micron absorption tomography 

Mice tibiae were examined on the Diamond Manchester 
Imaging Branch I13-2 beamline at the UK’s national syn- 
chrotron facility, Diamond Light Source (Harwell, UK). 
Whole bones were centrally mounted on a rotation-transla- 
tion stage. A defocused polychromatic incident X-ray 
source (pink beam) was used to irradiate the entire sample. 
A PCO.edge 5.5 camera system containing a sCMOS sen- 
sor was positioned behind the sample to collect an X-ray 
absorption image. A × 4 objective lens was positioned in 
front  of the  camera  sensor  to provide  a resolution of 
0.81 µm and a total field of view of 2.1 mm horizontally and 
1.8 mm vertically. Each measurement consisted of 2500 
projections, recorded over an angular range of 360° with an 
irradiation time of 100 ms per projection. Full 3D recon- 
struction was performed using in house I-13 software fol- 
lowing identification of the centre of rotation in a single 
orthogonal image from the mid-diaphysis to the region 
immediately below the proximal epiphysis line. The recon- 
structed volumes were analysed in software package Aviso®, 
where osteocyte lacunae were rendered and thresholded 
consistently for analysis of pore volume and morphology. 

 
Statistical analysis 

Statistical significance was defined as p < 0.05 (*p < 0.05; 
**p < 0.01; ***p < 0.001) using either an unpaired Student t 
test or two-way ANOVA with a Bonferroni correction 
where a Gaussian distribution is identified (determined by 
both Kolmogorov-Smirnov and Shapiro-Wilk test), or a 
non-parametric Kruskal-Wallis test with Dunn’s Multiple 
Comparison where it is absent. 

 
Results 
Oral corticosterone induces GC excess in wild type and 

11β‐HSD1 KO animals 

Nine-week-old C57BL/6 WT and global 11β-HSD1 KO 
mice received drinking water containing either vehicle 
or corticosterone at 100 µg/ml for 4 weeks. Deletion of 
11β-HSD1 and inhibition of corticosterone generation in 
the bones of 11β-HSD1 KO mice was confirmed in ex 
vivo tibia biopsies, where corticosterone generation from 
DHC was significantly abrogated in 11β-HSD1 KO mice 
compared to WT animals (Fig. 1a). Expression of H6pd 
(the gene encoding the NADPH cofactor-generating en- 
zyme H6PDH) required for 11β-HSD1 steroid activation 
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was highly expressed and did not change in tibiae, across 
groups (Additional file 1: Figure S1a). 

Evidence of circulating GC excess was determined 
by measuring midnight (within normal active phase) 
serum corticosterone levels. Serum levels of cortico- 
sterone were significantly increased in both WT and 
11β-HSD1 KO animals receiving corticosterone in 
drinking water relative to those receiving vehicle 
(WT, 41.2 ± 12.3 ng/ml versus WT + Cort, 479.6 ± 76.1 
ng/ml, p < 0.01; 11β-HSD1 KO, 108.2 ± 72.2 ng/ml ver- 
sus 11β-HSD1 KO + Cort, 329.5 ± 51.6 ng/ml, p < 0.05) 
(Fig. 1b) (Additional file 2). Serum levels were not 
significantly different between WT and 11β-HSD1 KO 
animals receiving corticosterone. Increased systemic 
exposure to corticosterone was evidenced by the 
marked suppression of adrenal weights in both WT 
and 11β-HSD1 KO animals receiving corticosterone 
and the onset of hepatic steatosis in WT animals 
(Fig. 1c, d). These data confirm that oral administra- 
tion of corticosterone in drinking water at 100 µg/ml 
is sufficient to induce circulating GC excess in both 
WT and 11β-HSD1 KO animals. 

11β‐HSD1 KO showed protection from corticosterone‐ 

induced trabecular bone 

To determine the role of 11β-HSD1 in GIOP, we gener- 
ated 3D trabecular meshes from the tibia following micro- 
CT using Meshlab software (Fig. 2a). Analysis of 3D 
trabecular meshes demonstrated that trabecular bone vol- 
ume to tissue volume (BV/TV), trabecular number 
(Tb.N), trabecular separation (Tb.Sp) and trabecular 
thickness (Tb.Th) were identical between vehicle-treated 
WT and 11β-HSD1 KO animals (Fig. 2b–e). Following 
oral corticosterone administration over 4 weeks, a signifi- 
cant reduction in trabecular bone parameters was identified 
in WT animals (BV/TV: WT, 8.5% ± 0.66 vs WT + Cort, 
4.2% ± 0.38, p < 0.001; Tb.N: WT, 0.0009 1/µm ± 0.00004 vs 
WT + Cort, 0.0006 1/µm ± 0.00004, p < 0.01; Tb.Th: WT, 
96.5 µm ± 3.8 vs WT + Cort, 73.5 µm± 3.5, p < 0.01; Tb.Sp: 
WT, 664 µm ± 27 vs WT + Cort, 959 µm ± 31, p < 0.01) 
(Fig. 2b–e). In contrast, 11β-HSD1 KO mice receiving cor- 
ticosterone were protected from this reduction in trabecu- 
lar BV/TV, Tb.N and Tb.Sp relative to vehicle-treated 
controls (BV/TV: 11β-HSD1 KO, 7.5% ± 0.76 vs 11β-HSD1 
KO + Cort, 7.2% ± 0.71, NS; Tb.N: 11β-HSD1 KO, 0.0008 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 a Corticosterone generation in tibia ex vivo biopsies isolated from WT and 11β-HSD1 KO mice determined by scanning thin-layer chromatography. 
b Serum corticosterone levels determined by ELISA in WT and 11β-HSD1 KO receiving either vehicle or oral corticosterone (100 μg/ml). c Adrenal weights 
(mg) from WT and 11β-HSD1 KO mice receiving either vehicle or oral corticosterone (100 μg/ml) and d representative paraffin-embedded sections of the 
liver taken from WT mice receiving either vehicle or oral corticosterone (100 μg/ml) (× 20), stained with haematoxylin and eosin. Values are expressed as 
mean ± standard error of six animals per group. Statistical significance was determined using two-way ANOVA with a Bonferroni correction. *p < 0.05, 
**p < 0.01, ***p < 0.001 
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1/µm ± 0.00004 vs 11β-HSD1 KO + Cort, 0.0009 1/µm±  
0.00008, NS; Tb.Sp: 11β-HSD1 KO, 706.9 µm ± 28, NS vs 
11β-HSD1 KO + Cort, 789 µm± 61, NS) (Fig. 2b, c). In con- 
trast, 11β-HSD1 KO animals were not protected from sup- 
pressed Tb.Th in response to corticosterone with a 
significant reduction identified in these animals relative to 
vehicle-treated controls (Tb.Th: 11β-HSD1 KO 95.8 µm± 
5.2  vs11β-HSD1  KO + Cort,  79.4 µm ± 3.1,  p < 0.05) 
(Fig. 2d). Micro-CT analysis of cortical bone from 3D cor- 
tical bone reconstructions revealed no significant differ- 
ences in cortical thickness (Crt.T), cortical cross-sectional 
area (Crt.A), endosteal medullary area (Med.A), periosteal 
perimeter (Per.P) or cortical lacunae properties between 
WT and 11β-HSD1 KO animals (Additional file 1: Figure 
S1a-g). 

These data indicate that treatment with oral cortico- 
sterone at 100 µg/ml in drinking water for 4 weeks is 
sufficient to induce marked trabecular bone loss at the 
tibia of WT C57BL/6 animals. In contrast, animals with 
deletion of 11β-HSD1 demonstrate significant protection 
against the bone-wasting effects of oral corticosterone in 
trabecular bone. 

 
GC‐induced suppression of osteoblast numbers and bone 

formation   markers   was   blunted   in   11β‐HSD1‐KO   mice 

Bone metabolism is tightly regulated by the balance be- 
tween osteoblast-mediated bone formations and osteo- 
clast bone resorption. Analysis of bone osteoblast and 
osteoclast numbers and serum biomarkers of bone for- 
mation (procollagen type 1 amino-terminal propeptide 
(P1NP)) and bone resorption (degradation products 
from C-terminal telopeptides of type I collagen (CTX- 
1)) was performed by histomorphometry and ELISA 

respectively to ascertain the impact of oral cortico- 
sterone on these cell populations. A dramatic decrease in 
osteoblast numbers per bone perimeter (Ob.N./B.pm) was 
readily apparent in WT mice receiving oral corticosterone 
relative to controls, with an almost total absence of osteo- 
blasts (WT, 8.5 + 1.7 mm, versus WT + Cort, 0.1 + 0.07 
mm; p < 0.001)(Fig. 3a, e). This was partially abrogated in 
11β-HSD1 KO mice receiving corticosterone, where 
osteoblast numbers were detectable, despite a significant 
suppression (11β-HSD1 KO, 10.3 + 2.9, versus 11β-HSD1 
KO + Cort, 3.3 + 2.1 ng/ml; p < 0.05). These results were 
closely mirrored by a comparable dramatic decrease in 
serum P1NP in WT mice receiving oral corticosterone 
(WT, 494.2 + 67, versus WT + Cort, 31.3 + 2.1 ng/ml; p < 
0.00) that was also partially abrogated in 11β-HSD1 KO 
mice (11β-HSD1 KO, 405.7 + 69.4, versus 11β-HSD1 
KO + Cort, 158.6 + 55.1 ng/ml; p < 0.01) (Fig. 3c). Serum 
levels of P1NP were significantly higher in 11β-HSD1 KO 
mice receiving corticosterone than in WT counterparts 
(WT + Cort, 31.3 + 2.1, versus 11β-HSD1 KO + Cort, 
158.6 + 55.1 ng/ml; p < 0.05). 

In contrast to osteoblasts, no significant changes in 
osteoclast numbers per bone perimeter (Oc.N./B.pm) or 
in serum measures of osteoclast activity determined by 
CTX-1 were observed in WT and 11β-HSD1 KO mice 
receiving GCs (Fig. 3b, d, f). The ratio of RANKL/OPG 
gene expression was examined as a critical regulator of 
osteoclast formation and activation in ex vivo tibia biop- 
sies (Fig. 3). A significant increase in the RANKL/OPG 
ratio was apparent in WT mice receiving oral cortico- 
sterone (1.9-fold; p < 0.01). 11β-HSD1 KO mice were 
protected from this increased ratio in response to oral 
corticosterone with no significant change in  expression 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 a Representative images of 3D reconstructions of tibia trabecular bone using micro-CT from WT and 11β-HSD1 KO receiving either vehicle 
or oral corticosterone (100 μg/ml). b Bone volume to tissue volume (BV/TV), c trabecular number (Tb.N), d trabecular thickness (Tb.Th) and e trabecular 
separation (Tb.Sp) determined by Meshlab software analysis of micro-CT in WT and 11β-HSD1 KO receiving either vehicle or oral corticosterone (100 μg/ml). 
Values are expressed as mean ± standard error of six animals per group. Statistical significance was determined using two-way ANOVA with a Bonferroni 
correction. *p < 0.05, **p < 0.01, ***p < 0.001. Black arrows represent regions of mesh surface trabecular thinning 
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relative to 11β-HSD1 KO mice receiving vehicle and a 
significantly lower ratio compared to WT animals re- 
ceiving GCs (Fig. 3e). 

Analysis of markers of mature osteoblast gene expres- 
sion in whole ex vivo biopsies of tibia was determined by 
quantitative RT-PCR. In WT mice, the osteoblast 
markers Bglap and Alp were significantly reduced fol- 
lowing administration of oral corticosterone (Bglap, 33- 
fold; p < 0.0001, Alp, 4-fold; p < 0.01) (Fig. 4a, b). In con- 
trast, 11β-HSD1 KO mice showed significant protection 
from the suppression of Bglap with no significant change 
in expression, whilst the suppression of Alp was com- 
pletely abrogated following administration of oral cor- 
ticosterone (Fig. 4b). mRNA expression of the osteoclast 
marker Ctsk, the master regulator of osteoblast differen- 
tiation Runx2 and the negative regulators of osteoblast 

differentiation, Sost and Dkk1, were not altered in either 
WT or 11β-HSD1 KO mice receiving oral corticoste- 
roids (Fig. 4c–f). 

Taken together, these data strongly indicate that the 
bone loss identified in WT mice receiving corticosterone 
is characterised by a profound suppression in osteoblast 
numbers and bone formation, and a shift in the resorp- 
tion/formation ratio that would favour net bone loss. 
This appears to be partially dependant on 11β-HSD1 
activity, where 11β-HSD1 KO animals show significant, 
but not complete protection from the suppression in 
osteoblast activity. 

 
Discussion 
Despite important systemic side effect, GCs continue to 
be routinely employed in the management of chronic 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Histomorphometric analysis of numbers of (a) osteoblasts (N.Ob/B.Pm) and (b) osteoclasts (N.Oc/B.Pm) at the bone perimeter per square 
millimetre from vertebrae L3 and L4. c Serum P1NP (ng/ml) (d) and serum CTX-1 (ng/ml) were determined by ELISA in WT and 11β-HSD1 KO 
mice receiving either vehicle or oral corticosterone (100 μg/ml). e Representative images of osteoblasts and f representative images of osteoclasts 
on trabecular bone surface. g The ratio of RANKL/OPG gene expression in the tibia from WT and 11β-HSD1 KO mice receiving either vehicle or oral 
corticosterone (100 μg/ml) was determined by quantitative RT-PCR. Values are expressed as mean ± standard error of six animals per group. Statistical 
significance was determined using two-way ANOVA with a Bonferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001. Black arrows indicate osteoblasts 
and osteoclasts 
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inflammatory diseases such as rheumatoid arthritis. In 
this study, we show for the first time that pre-receptor 
metabolism of exogenously administered GCs by the en- 
zyme 11β-HSD1 is a key component mediating bone 
loss in a murine model of GIOP. Here, following admin- 
istration of active glucocorticoids such as corticosterone, 
renal and hepatic metabolism ensures an equilibrium be- 
tween active and inactive glucocorticoid substrates, 
which are then available for tissue-specific pre-receptor 
activation by the 11β-HSD enzymes [17, 18]. Previously, 
the GC receptor (GR) has been shown to be critical in 
mediating GIOP in mouse models of GC excess with the 
targeted deletion of GR in both osteoblasts and osteo- 
clasts being shown to be protective [26, 27]. 

We used a model of oral administration of cortico- 
sterone in drinking water to delineate the precise contri- 
bution of pre-receptor GC metabolism by 11β-HSD1 to 
GIOP using a global KO model. Previously, this model 
of exogenous GC excess has been shown to result in a 
consistent diurnal exposure pattern, closely mimicking 
the kinetics of clinical GC therapy [24]. Of note, sys- 
temic and renal inactivation of glucocorticoid by 11β- 
HSD2 has been shown to be unaffected in the global 
11β-HSD1 KO mouse in response to corticosterone [28]. 

Both WT and 11β-HSD1 KO mice treated with exogen- 
ous corticosterone showed signs of corticosterone excess 
with significantly elevated levels of the serum-free steroid 
and marked suppression of adrenal weights relative to un- 
treated controls. Furthermore, WT mice developed hep- 
atic steatosis in response to corticosterone treatments in 

line with classical presentations of GC excess previously 
reposted in human and mouse models [18, 29]. 

Analysis of trabecular bone in the tibias of WT ani- 
mals revealed a significant reduction in all trabecular 
bone parameters following addition of corticosterone. 
These data are supportive of a systemic GC-induced 
bone loss in WT C57BL/6 mice in response to cor- 
ticosterone in  drinking  water  at  100 µg/ml  for 
4 weeks. 

Similar studies have reported a robust decrease in 
bone mass in response to therapeutic GCs such as pred- 
nisolone in C57BL/6 mice [30, 31]. These studies iden- 
tify a significant decrease in trabecular and cortical 
content at the tibia in response to subcutaneous prednis- 
olone pellets over 28 days. The bone loss phenotype 
observed in our model is less marked, but is broadly 
consistent with this, with evidence of early trabecular 
bone loss at the tibia. 

In vivo, GCs have been shown to potently suppress 
osteoblast-mediated bone formation by increasing both 
apoptosis and autophagy [32–35]. Certainly in this 
model, we observed a dramatic suppression of osteoblast 
numbers in trabecular bone of wild type mice treated 
with corticosterone, with a robust suppression of P1NP 
as a marker of systemic bone formation and a marked 
suppression of mature osteoblast markers including 
osteocalcin and alkaline phosphatase. Together, these 
data suggest that this model of GC excess is comparable 
to those previously reported and suitable to examine the 
role of 11β-HSD1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 a–f Gene expression (AU) of Bglap, Alp, Ctsk, Runx2, Sost and Dkk1 in tibias taken from WT and 11β-HSD1 KO receiving either vehicle or 
oral corticosterone (100 μg/ml) determined by quantitative RT-PCR. Values are expressed as mean ± standard error of six animals per group. 
Statistical significance was determined using two-way ANOVA with a Bonferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001 



 

Additional file 1: Figure S1. (a), Representative images of 3D 
reconstructions of tibia cortical bone using micro-CT from WT and 11β-HSD1 KO 
receiving either vehicle or oral corticosterone (100 μg/ml). (b), Cortical cross- 
sectional thickness (Crt.Cs.T), (c), cortical cross-sectional area (Crt.Cs.A), (d) 
endosteal medullary area (Med.A) and (e) periosteal perimeter (Per.P) determined 
by Meshlab software analysis of micro-CT in WT and 11β-HSD1 KO receiving 
either vehicle or oral corticosterone (100 μg/ml). (f), Quantification of osteoblast 
lacunae in murine cortical bone collected at I-13 using pink beam, count time 
100 ms, rotations 2500. Full 3D reconstruction was performed using in house I-13 
script following identification of centre of rotation in a single orthogonal slice. 
Volume rendering of osteocyte lacunae was performed in Aviso® prior to pore 
analysis of Volume3d and Area3d. (f), Average pore area (μm3), (g) lacunae 
number within a 100μm3 region of interest in WT and 11β-HSD1 KO receiving 
either vehicle or oral corticosterone (100 μg/ml). Values are expressed as mean ± 
standard error of three animals per group. Statistical significance was determined 
using one way ANOVA with a Tukey’s post hoc analysis. Values are expressed as 
mean ± standard error of six animals per group. Statistical significance was 
determined using two way ANOVA with a Bonferroni correction. (TIFF 1190 kb) 

Additional file 2: Figure S2. (a), Gene expression (AU) of H6pd 
determined by quantitative RT-PCR in WT and 11β-HSD1 KO receiving either 
vehicle or oral corticosterone (100 mg/ml). Values are expressed as mean ± 
standard error of six animals per group. Statistical significance was determined 
using two way ANOVA with a Bonferroni correction. (TIFF 316 kb) 
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Importantly, mice with a global deletion of 11β-HSD1 
demonstrated a significant protection from trabecular 
bone loss at the tibia following administration of ex- 
ogenous corticosterone in drinking water. This 
approached full protection from reductions in BV/TV, 
trabecular number and trabecular separation and con- 
ferred a partial protection from reduced trabecular 
thickness. This protective effect appeared to be mediated 
through a resistance to GC-induced suppression of bone 
formation in osteoblasts, with a partial preservation of 
trabecular osteoblast numbers, increased serum P1NP 
levels and elevated expression of the mature osteoblast 
markers, osteocalcin and alkaline phosphatase in 11β- 
HSD1 KO animals relative to WT counterparts receiving 
corticosterone. Further experiments in these animals 
might utilise delivery of inactive steroid metabolites such 
as DHC to assess 11β-HSD1-mediated activation and tis- 
sue-specific targeting without interference from residual 
active corticosterone to examine its role in vivo. 

Previous studies examining the overexpression of 
11β-HSD2 targeted to osteoblasts and osteocytes in 
mice, mediating complete GC signalling blockade in 
these cells, have identified a phenotype characterised 
by reduced cranial ossification and bone mineral 
density [36, 37]. These studies demonstrate that GC 
signalling is required for normal osteoblast and osteo- 
cyte maturation and function. Deletion of 11β-HSD1 

may prove beneficial in the future where targeting of 
therapeutic inhibitors of 11β-HSD1 may be of interest to 
more effectively prevent GIOP. 

In this model, we chose oral administration of cortico- 
sterone at 100 µg/ml to initiate GC excess in male 
C57BL/6 mice and so cannot extrapolate these findings 
to female animals. This dose of corticosterone was se- 
lected due to the strong evidence of diurnal exposure 
patterns, which closely mimic that seen in patients fol- 
lowing oral therapeutic GC administration [24]. Other 
methods such as subcutaneous pellets result in a con- 
tinuous steady delivery of GC. Whilst this allows for the 
better control of drug release, it may be less representa- 
tive of delivery regimes in patients. 

 
Conclusions 
`For the first time, this study demonstrates that 11β- 
HSD1 plays a critical role in mediating the detrimental 
actions of exogenous therapeutic corticosterone adminis- 
tration on bone and that its targeted deletion is able to 
ameliorate GIOP in this murine model. This raises the 
intriguing possibility that therapeutic inhibitors of 11β- 
HSD1 may be effective in preventing GIOP in patients re- 
ceiving therapeutic steroids. 

 
Additional files 

did not reproduce these findings in our study, sug-         
gesting that basal GC signalling mediated by free cir- 
culating active GCs is sufficient to mediate normal 
bone development. 

In contrast, targeted blockade of GC signalling in oste- 
oblasts and osteocytes using either the overexpression of 
11β-HSD2 or the inhibition of GR dimerization is able 
to prevent GIOP in murine models of GC excess [26, 
32]. We see similar findings in the 11β-HSD1 KO mouse 
suggesting that, whilst total levels of the active steroid 
are increased in our model, they are insufficient to in- 
duce trabecular bone loss in the absence of 11β-HSD1 
GC activation. 

These prior studies provide compelling evidence that 
the deleterious actions of GCs are mediated directly 
through osteoblasts via an increase in osteoblast apop- 
tosis and autophagy. Whilst our studies do not address 
in which cell type deletion of 11β-HSD1 is mediating 
protection from GIOP, previous studies demonstrating 
robust  expression  of  11β-HSD1  in  vivo  and  vitro 
strongly indicate that 11β-HSD1 expression within oste- 
oblasts is likely to mediate the protection reported in 
our global 11β-HSD1 KO mice [20, 22, 26, 32]. How- 
ever, the possibility that 11β-HSD1 within alternative 
cell populations such as osteoclasts cannot be dis- 
counted. Regardless, better characterisation of the 11β- 
HSD1-expressing cell subtypes that mediate  protection 
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Abstract: Due to their potent immunomodulatory anti-inflammatory properties, synthetic glucocorticoids 
(GCs) are widely utilized in the treatment of chronic inflammatory disease. In this review, we examine 
our current understanding of how chronic inflammation and commonly used therapeutic GCs interact 
to regulate bone and muscle metabolism. Whilst both inflammation and therapeutic GCs  directly 
promote systemic osteoporosis and muscle wasting, the mechanisms whereby they achieve this are 
distinct. Importantly, their interactions in vivo are greatly complicated secondary to the directly opposing 
actions of GCs on a wide array of pro-inflammatory signalling pathways that underpin catabolic and 
anti-anabolic metabolism. Several clinical studies have attempted to address the net effects of therapeutic 
glucocorticoids on inflammatory bone loss and muscle wasting using a range of approaches. These have 
yielded a wide array of results further complicated by the nature of inflammatory disease, underlying the 
disease management and regimen of GC therapy. Here, we report the latest findings related to these 
pathway interactions and explore the latest insights from murine models of disease aimed at modelling 
these processes and delineating the contribution of pre-receptor steroid metabolism. Understanding these 
processes remains paramount in the effective management of patients with chronic inflammatory disease. 

 
Keywords: glucocorticoid; muscle wasting; osteoporosis 

 

 
1. Glucocorticoids and Therapeutic Glucocorticoid Excess 

Synthetic glucocorticoids (GCs), such as dexamethasone, prednisolone and hydrocortisone, are 
widely utilized in the treatment of chronic inflammatory diseases such as chronic obstructive pulmonary 
disease (COPD), inflammatory bowel disease (IBD) and rheumatoid arthritis (RA), with approximately 
1% of the adult population in the U.K. and U.S. receiving this class of drugs. Their mechanisms of 
action are diverse, with GCs suppressing a range of pro-inflammatory pathways including p38-mitogen 
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activated protein kinases (p38-MAPK), nuclear factor kappa-light-chain-enhancer (NF-κB) and activator 
protein (AP-1), in addition to inducing pro-resolving factors such as glucocorticoid induced leucine 
zipper (GILZ) and annexin-1 [1–3]. These significantly reduce leukocyte infiltration at sites of 
inflammation, suppress the production of pro-inflammatory cytokines and chemokines and support 
resolution of inflammation and tissue remodelling [4,5]. Despite the potent immune-modulatory 
anti-inflammatory actions of therapeutic GCs, their clinical application is limited due to severe systemic 
side effects. These occur in up to 70% of patients and can include muscle wasting and GC induced 
osteoporosis (GIO) [6–10]. The actions of GCs on bone and muscle metabolism are well established, 
but themselves complicated in the backdrop of chronic inflammation by separate inflammatory driven 
muscle wasting and bone loss.   The inflammatory pathways that mediate bone and muscle loss      
in chronic inflammation are in turn suppressed by the anti-inflammatory actions of GCs, further 
complicating the prediction of their outcome on the musculoskeletal system. Understanding the 
complex interactions between GC and inflammatory regulation of bone and muscle metabolism remains 
paramount in the effective management of patients with chronic inflammatory disease. In this review, 
we explore how inflammatory drivers and therapeutic GCs interact to regulate bone and muscle 
metabolism and consider the role of local steroid metabolism in shaping these processes. 

2. Glucocorticoid Signalling and Regulation of Inflammation 

Lipophilic GCs readily diffuse across cell membranes, signalling through the cytoplasmic GC receptor 
(GR) superfamily, encoded by the NR3C1 gene. Classically, GC signalling and GR transactivation occur 
through ligand binding of the GRα homodimer. In its unbound state, GRα forms a multi-protein 
complex with chaperone proteins such as heat shock proteins (HSPs), HSPp-70, HSP90 and FK506 
binding protein 52 that block their nuclear localization signal (NLS) and prevent translocation to the 
nucleus from the cytoplasm [11]. Upon GC binding, the GRα undergoes a conformational change, 
allowing dissociation of chaperone proteins. Homo-dimerization and exposure of the NLS are required 
for nuclear translocation of the ligand bound GR, where it can influence gene expression [12] (Figure1). 
This is an oversimplified view of GC signalling, as several studies utilizing the GRdim mouse (possessing 
a mutation preventing GR dimerization) reveal that the anti-inflammatory properties of therapeutic GCs 
are mediated by both homo-dimeric GRα complexes and monomeric GRα to facilitate transactivation 
or transrepression of pro-inflammatory genes [5,13–16]. Whilst the mechanisms that underpin GR 
signalling have been reviewed extensively elsewhere, several key pathways are prominent in mediating 
the anti-inflammatory actions of GCs [17].  These include the direct GRα homodimer transactivation   
of anti-inflammatory genes such as secretory leukocyte protease inhibitor (SLPI), MAKP-1, GILZ and 
tristetraprolin (TTP), which suppress the NF-kB and p38-MAPK inflammatory pathways, in addition to 
the inhibition of pro-inflammatory transcription factors via their tethering to the GC bound GR [18–21]. 
In particular, GCs act via the GR to suppress the NF-κB and p38-MAPK inflammatory pathways and AP-1 
pro-inflammatory pathways, which regulate the transcription of various genes relating to inflammation 
such as tumour necrosis factor-alpha (TNF-α) and interleukin-1 (IL-1β) and -6 [22]. Many of these 
inflammatory pathways considered are direct contributors to the process of inflammatory bone and 
muscle wasting and are themselves opposed by the actions of therapeutic GCs. This review will now 
consider how inflammation and GCs influence bone and muscle metabolism, both in isolation and in 
concert with one another. 
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Figure 1. Overview of glucocorticoid (GC) signalling pathways. The majority of glucocorticoids 
(GCs) in the circulation are bound by corticosteroid-binding globulin (CBG), which prevents diffusion 
across the membrane. However, free GCs can readily enter the cell, where they bind to the GR in the 
cytoplasm. This induces a conformational change in the glucocorticoid receptor (GR), which causes 
the dissociation of chaperone molecules, such as heat shock proteins (HSPs), to expose the nuclear 
localisation signal (NLS) and allow translocation of the GC/GR complex to the nucleus. Here,  the  
GR can either dimerise to transactivate anti-inflammatory genes or signal as a monomer to inhibit 
pro-inflammatory transcription factors. Cortisol (CORT), nuclear factor of activated T-cells (NFAT), 
CCAAT-enhancer-binding proteins (or C/EBPs), nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB), p38 mitogen-activated protein kinases (p-38-MAPK), glucocorticoid induced leucine 
zipper (GILZ), secretory leukocyte protease inhibitor (SLPI), tristetraprolin (TTP), mitogen-activated 
protein kinase-1 (MKP-1), activator protein 1 (AP-1), signal transducer and activator of transcription 5 
(STAT5), and response element (RE). 

3. Bone Metabolism 

Bone metabolism is a tightly regulated process that ensures homeostasis between bone resorption 
and bone formation. This process maintains a balance in calcium and phosphate mineral homeostasis, 
as well as allowing constant healthy remodelling to compensate for external loading stress and damage 
and requires the close interaction between osteocytes, bone lining cells, bone forming osteoblasts 
and bone resorbing osteoclasts [23]. Here, in quiescent bone, osteocytes produce factors such as 
transforming growth factor-β (TGF-β), sclerostin and dickkopf WNT signaling pathway inhibitor 1 
(DKK-1), which inhibits osteoclast and osteoblast maturation and differentiation [24]. Signals such  
as bone matrix damage or immobilization result in osteocyte apoptosis, leading to a removal of the 
inhibitory signals and increases in factors that promote osteoclastogenesis, such as macrophage colony 
stimulating factor (M-CSF) and receptor activator of nuclear factor kappa-β ligand (RANKL) [25–27]. 
Together, these promote osteoclast differentiation from hematopoietic precursors and increase receptor 
activator of nuclear factor kappa-β (RANK) pathway activation, driving multinuclear polykaryon 
formation and the formation of mature osteoclasts that express osteoclast specific genes including 
tartrate-resistant acid phosphatase (TRAP) and cathepsin K [28–30]. Mature osteoclasts form tight 
integrin junctions on mineralized bone matrix, forming an acidified resorption compartment that 
facilitates the degradation of the inorganic hydroxyapatite component of the bone [31,32]. The organic 
component of bone can then be degraded by lysosomal enzymes, such as cathepsin K. In parallel to this 
process, a reduction in factors that suppress osteoblast differentiation (such as sclerostin and DKK-1) 
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and an increase in factors that induce osteoblast differentiation (such as WNT, TGFβ and insulin-like 
growth factor 1 (IGF-1)) promote the formation of osteoblast pre-cursors from mesenchymal derived 
progenitors [33–35]. This process is tightly regulated through the master transcriptional regulator 
runt-related transcription factor 2 (RUNX2), mediating the expression of osteoblast specific genes 
such as osteocalcin, osteopontin and bone sialoprotein [36,37]. As osteoblasts continue to mature, 
RANKL levels (which maintain osteoclasts) decrease, whilst osteoprotegerin (OPG) (the dummy 
receptor for RANKL that suppresses RANK signalling) increases. Together with increasing TGFβ 
signalling, the decrease in RANK/RANKL signalling leads to reduced osteoclast differentiation, activity 
and survival [38]. The transition toward the reversal phase is characterised by an increase in mature 
osteoblasts at the vacated osteoclast lacunae site of bone resorption. One key cell type that appears to 
facilitate this transition appears to be a unique cell population known as reversal cells, which cover 
the eroded bone surface. Here, one study has revealed that the disruption of these cells results in a 
loss of the initiation of bone resorption, highlighting their importance in this process [39]. Mature 
osteoblasts then secrete factors required for osteoid formation including organic matrix rich in type 1 
collagen, osteocalcin and bone sialoprotein (BSP) [40]. This is then mineralized via the deposition of 
hydroxyapatite crystals, created by the flux of calcium and phosphate ions within vesicles that are 
deposited as a mineralized nodule, in a process that has been shown to require the enzyme alkaline 
phosphatase to release phosphate ions [41,42]. Ultimately, bone formation ceases as osteoblasts undergo 
apoptosis or are incorporated into the osteocyte network. 

4. Regulation of Bone Metabolism by Inflammation 

In diseases such as RA, IBD and COPD, ongoing systemic inflammation results in inflammatory 
osteoporosis, with localized destruction of bone at sites of inflammation in diseases such as RA [43–47]. 
Systemic bone loss is characterized by a general decrease in bone mineral density (BMD) at the femoral 
neck, hip and spine in patients, resulting in increased fracture rates [47–50]. It is widely accepted that 
this inflammatory bone loss results from an imbalance in the bone remodelling cycle, shifting towards 
resorption and away from formation [51]. Studies exploring inflammatory bone loss are complicated by 
immobility in patients and the impact of concurrent anti-inflammatory drugs that can influence bone 
metabolism. However, significant insights have been derived from in vitro studies and clinical studies. 

A prominent mechanism associated with a shift toward inflammatory bone loss is the interaction 
of the activated immune system with bone resorbing osteoclasts. Here, changes in the inflammatory 
cytokine profiles in patients with chronic inflammation result in increased levels of pro-osteoclastogenic 
mediators and a decrease in anti-osteoclastogenic mediators. Many of the pro-osteoclastogenic 
cytokines upregulated in chronic inflammation, including TNF-α, IL-1, IL-6, IL-8 and IL-17, mediate 
their actions via an upregulation of RANKL on fibroblasts and osteoblasts, which in turn promotes 
osteoclastic bone resorption [52–55]. In particular, combinations of cytokines including TNF-α, IL-1 
and IL-6, act synergistically to increase RANKL in inflammation [56]. Activated Th17 and B cells also 
upregulate RANKL expression promoting resorptive bone lesions in patients and in vitro in a RANKL 
dependent manner [57–59]. A recent study identified a novel cytokine induced in response to TNF-α 
in T cells, known as secreted osteoclastogenic factor of activated T cells (SOFAT), which has the ability 
to cause osteoclastogenesis in a RANKL independent manner and may have implications in bone loss 
induced by chronic inflammatory disease [60]. 

Of particular interest, TNF-α also has effects on the bone forming ability of osteoblasts in 
inflammation. TNF-α treatment of osteoblasts’ precursors inhibits their differentiation by suppressing 
the DNA binding ability of RUNX2, leading to inhibition of alkaline phosphatase expression and matrix 
deposition [61]. The pro-apoptotic properties of TNF-α on osteoblasts has also been observed [62]. 
Similarly, IL-6 treatment of osteoblasts leads to reductions in alkaline phosphatase activity and in the 
expression of RUNX2 and osteocalcin, with mineralisation dramatically reduced in a dose dependent 
manner [63]. The prominent role of the inflammatory activation of osteoclastogenesis was derived 
from murine models using the TNF-tg mouse of chronic polyarthritis and inflammatory bone loss. 
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Here, blockade of both the TNF-α and the RANKL/RANK signalling pathways using anti-TNF therapy 
in combination with anti-osteoclastic (OPG) was able to prevent inflammatory bone erosions [64]. 
Bone repair was then augmented through the addition of the pro-osteoblastic hormone parathyroid 
hormone (PTH). These results highlight the importance of bot inflammatory activation of osteoclasts 
and suppression of osteoblasts in mediating systemic and localized bone loss in chronic inflammation. 
Consequently, these results indicate that repair of bone erosions requires a therapy that simultaneously 
controls inflammation while also impacting both osteoclastic bone resorption and osteoblastic bone 
formation to shift the balance in bone homeostasis and promote normal repair and recovery of bone. 

5. Effects of Glucocorticoids on Bone Metabolism 

Whilst GCs are widely used in the treatment of chronic inflammation, they are themselves 
associated with an increased risk of fractures and osteoporosis at therapeutic doses resulting in GIO. 
GIO is the most common form of secondary osteoporosis with risk of fracture increasing dramatically 
within three to six months of starting GC therapy [65]. Interestingly, these changes are reversed 
rapidly upon cessation of GCs, indicating a rapid and acute nature of action at the cellular level.  
The mechanism that underpins this appears to be primarily mediated by a substantial inhibition of 
osteoblastic bone formation [66]. Under physiological conditions, GCs promote osteoblast maturation. 
However, at higher therapeutic doses, GCs downregulate WNT agonists and upregulate WNT 
inhibitors, which induce apoptosis and suppress osteoblast differentiating [67–69]. In one clinical 
study examining children receiving exogenous glucocorticoids, serum levels of the WNT signalling 
inhibitor DKK-1 were shown to be significantly elevated, suggesting it may play a key role in reduced 
bone formation in GIO [70]. In studies using transgenic mice with osteoblast targeted disruption of 
glucocorticoid signalling, GC signalling via the GR was shown to mediate reduced bone formation 
through the suppression of osteoblast differentiation via the WNT pathway and through inducing 
osteoblast apoptosis, with animals with GR signaling disruption being protected from GC induced 
bone loss [67,71]. 

The impact of GCs on osteoclasts is less clear. Studies have reported that GC treatment results in a 
decrease in osteoclast number, but an increase in osteoclast longevity, potentially mediated via a GC 
induced increase in M-CSF production [66,72,73]. In addition, studies have shown conflicting results 
on the expression of osteoclastic genes in response to GCs. One study showed that dexamethasone 
treatment of murine calvarial bones resulted in increased mRNA levels of Rank and Rankl, leading to 
increased markers of osteoclast activation [74]. Other studies showed that OPG levels are suppressed 
or reported no change at all in RANKL and OPG levels [72,75,76]. Some insight comes from one 
study in children receiving exogenous GCs, where serum levels of RANKL were elevated and OPG 
suppressed [77]. In these patients, spontaneous osteoclastogenesis in vitro was apparent in monocytic 
cell precursors. Certainly, one study utilizing a murine model of therapeutic GC delivery revealed that 
the targeting of osteoclasts using bisphosphonates was an effective strategy to prevent both cortical 
and trabecular bone loss [78]. There is some evidence to indicate that the responsiveness of osteoclasts 
to GCs is highly dependent on the stage of cell differentiation, but these findings require further 
investigation [79]. The variation in GC dose, the method of administration and the models employed 
may explain the variation in the results reported to date, whilst their interactions with inflammatory 
mediators in patients with chronic inflammation should also be taken into account when investigating 
their bone related effects. 

6. Glucocorticoids, Inflammation and Bone Homeostasis 

Glucocorticoids directly oppose a wide array of the pathways that drive inflammatory bone loss. 
Amongst these, their suppression of pro-inflammatory factors such as RANKL, TNF-α and IL-6 appears 
to be prominent in mediating their bone sparing effects in chronic inflammatory joint destruction, 
through the direct suppression of osteoclastogenesis and osteoclast activation [80] (Figure2). In contrast, 
their potent suppression of anabolic bone formation by osteoblasts may synergize with the deleterious 
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actions of inflammation on osteoblasts. Consequently, the net balance of GCs on bone metabolism 
in the context of chronic inflammation is less clear. Several clinical studies shed light on the balance 
between beneficial and detrimental actions of GCs on bone metabolism in chronic inflammation. These 
include a study reporting no differences in BMD loss in RA patients receiving therapeutic GCs in 
combination with traditional disease modifying anti-rheumatic drugs (DMARDS), relative to a matched 
control cohort [81]. Of particular interest were studies exploring whether GCs at lower therapeutic 
doses might promote positive anti-inflammatory actions without eliciting detrimental bone loss. These 
studies reported that low dose GC therapy in RA did not increase the risk of generalized osteoporosis 
at the spine and hip [82,83]. Another study found that patients receiving GCs in combination with 
anti-TNF therapy had a 2.5% increase in BMD at the femoral neck compared to a 0.7% decrease       
in BMD in those using anti-TNF alone, suggesting that GCs may increase bone metabolism in this 
context [84]. In contrast, two further studies found that GCs’ use was associated with decreased BMD 
in RA patients [43,85]. Similarly, in juvenile chronic arthritis (JCA), two studies found that GC treated 
patients had significantly less trabecular bone and higher risk of vertebral collapse than a matched 
control cohort [86,87]. These studies found strong links with the dose of steroid applied, but were 
further complicated by the application of GCs in the developing skeleton of younger patients, who 
may be more vulnerable to the anti-anabolic actions of GCs than adults. The conflicting nature of these 
results may stem from a variety of issues, including differences in disease pathophysiology, disease 
activity, duration and variations in the delivery and dose of GC therapy. In addition, concomitant use 
of alternative therapies such as anti-TNF treatments causes further complications, making it difficult to 
dissect the contribution of GCs to changes in bone metabolism in chronic inflammatory disease. 

 

Figure 2. Schematic representation of the effects of inflammation and glucocorticoids (GCs) on bone 
remodelling. During inflammation, elevated levels of pro-inflammatory cytokines, such as TNF-α and 
IL-6, inhibit the differentiation of bone forming osteoblasts from their precursors. These cytokines, along 
with other pro-inflammatory mediators including IL-1, IL-17 and IL-8, also upregulate the expression 
of receptor activator of nuclear factor kappa-B ligand (RANKL), which binds to receptor activator of 
nuclear factor kappa-B (RANK) on pre-osteoclasts and triggers their differentiation into mature bone 
resorbing osteoclasts. Overall, bone formation is decreased while bone resorption is increased, leading 
to a net loss of bone. Although GCs suppress inflammation via suppression of pro-inflammatory factors 
and induction of anti-inflammatory mediators, they can also independently drive bone loss by inhibiting 
differentiation and inducing apoptosis of osteoblasts whilst increasing osteoclast differentiation by 
stimulating expression of RANKL and decreasing its decoy receptor osteoprotegerin (OPG). Osteoblasts 
(OBs), p38 mitogen-activated protein kinases (p-38-MAPK), glucocorticoid-induced leucine zipper 
(GILZ), secretory leukocyte protease inhibitor (SLPI), tristetraprolin (TTP), mitogen-activated protein 
kinase-1 (MKP-1), activator protein 1 (AP-1), OC (osteoclast), canonical WNT signalling (WNT), and 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). 
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7. Muscle Mass Related Metabolism 

Similar to bone, muscle metabolism is tightly regulated to ensure a balance between anabolic and 
catabolic processes governing muscle mass. Its regulation is critical not only to facilitate mechanical 
locomotion, but also as a key site for whole body energy metabolism and homeostasis [88]. Several 
critical anabolic and catabolic signalling pathways determine muscle protein synthesis, muscle 
proteolysis and myogenesis as cellular processes in control of muscle mass. 

IGF-1 has been identified as a critical factor mediating the regulation of anabolic and catabolic 
muscle homeostasis in adult myofibers. Produced primarily in the liver, its binding to the IGF-1 
receptor (IGF1R) in skeletal muscle allows recruitment of the insulin receptor substrate 1 (IRS-1) and 
activation of phosphatidylinositol-3-kinase (PI3K) and phosphorylation of protein kinase B (nnown 
as AKT), [89,90]. Together, these result in the activation of the mammalian target of rapamycin 
(mTOR) signalling pathway, which results in suppression of proteolysis and activation of muscle 
protein synthesis. mTOR activation suppresses proteolytic, forkhead box class O family member 
proteins (FOXOs) and glycogen synthase kinase-3 beta (GSK-3β) pathways [91,92]. The activation of 
mTOR signalling promotes muscle protein synthesis through the downstream phosphorylation and 
inactivation of eIF4E-binding protein 1 (4E-BP1) and activation of the ribosomal protein S6 kinase 
beta-1 (p70S6K) [93–95]. When active, 4E-BP1 operates by suppressing the eukaryotic translation 
initiation factors (elF), which are a central rate limiting step in the regulation of protein synthesis in 
muscle. Here, eIF4F (a complex of initiation factors, eIF4e, eIF4G and eIF4A), promotes the translation 
of mRNA coding for muscle proteins by facilitating the cap dependent binding of messenger RNA 
to the 40S ribosomal subunit [96].   The repressor protein 4E-BP1 is a powerful negative regulator    
of eIF4F mediated protein translation, whilst its phosphorylation causes its dissociation from eIF4E 
and enables mRNA translation of anabolic muscle proteins. A second key stage in the regulation of 
anabolic protein metabolism in muscle occurs through the regulation of phosphorylated p70S6K by 
mTOR, which facilitates ribosomal biogenesis and translation capacity required for muscle protein 
anabolism [97]. An additional modulator of skeletal muscle mass downstream of the IGF-1/AKT 
pathway is GSK-3β. This protein kinase is a negative regulator of the translation initiation factor eIF2B 
and is phosphorylated and inactivated by AKT, allowing initiation of mRNA translation [98–100]. 
Together, the activation of these pathways by IGF-1 or insulin promote protein synthesis in muscle, 
favouring increased muscle mass. 

The regulation of muscle catabolism shares many of these pathways and involves their inverse 
activation state. Proteolysis of skeletal muscle proteins through their targeted degradation by the 
ubiquitin-proteasome system (UPS) and autophagy pathways is under stringent control of the PI3K/AKT 
and mTOR signalling pathways [101]. Here, a reduction in anabolic factors such as IGF-1 or an increase 
in negative regulators such as myostatin, TGFβ or FGF results in a decrease of the PI3K/AKT and 
mTOR signalling. As AKT and mTOR kinase activity is responsible for inhibitory phosphorylation 
of the FOXOs, including FOXO1, FOXO3 and FOXO4 [102,103], the lack thereof allows their nuclear 
translocation. FOXO transcription factors bind to promoter and enhancer regions of target genes such as 
the E3 ligases, Atrogin-1 and muscle RING-Finger protein-1 (MURF-1) and the autophagy-related genes 
LC3 and Bnip3 [104–107]. In addition to FOXO, increased GSK-3β secondary to reduced IGF-1/AKT 
signalling has also been implicated in upregulating Atrogin-1 and MURF-1 [108]. 

The E3 ligases are the largest family of ubiquitination factors targeting muscle proteins for 
degradation by the UPS [109,110] and can be highly upregulated in catabolic conditions. These include 
the muscle specific F-box protein Atrogin-1 encoded by the FBXO32 gene and MURF-1 encoded by 
the TRIM63 gene [111,112]. Their expression is elevated in a plethora of skeletal muscle atrophy 
models, including immobilisation, denervation, cancer, starvation and diabetes [111–113]. Atrogin-1 
has been shown to ubiquitinate desmin and vimentin, muscle proteins essential to sarcomere Z-disk 
architecture [114].  In addition, Atrogin-1 stimulates the degradation of transcription factor EIF3F, 
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leading to impaired muscle protein synthesis [115]. This E3 ligase has also been shown to play a 
pivotal role in repressing myogenesis through the ubiquitination of myoblast determination protein 1 
(MYOD) [116]. 

MURF-1 encodes a protein containing a RING finger domain, which is responsible for its 
ubiquitin-ligase activity [112,117]. MURF-1 ubiquitinates and catalyses the degradation of contractile 
proteins and thick filaments, such as myosin and troponin I, with the sparing of thin filaments such 
as actin [118,119]. Besides a role in the UPS, increased FOXO activation also upregulates protein 
degradation and clearance through the autophagy pathways [106]. In muscle, this appears to be 
mediated through the direct upregulation of autophagy genes such as LC3, BNIP3 and ATG through 
the FOXO pathway during muscular atrophy [120–122]. 

Postnatal myogenesis is an anabolic process important to the maintenance of muscle mass and 
integrity. Insulin-like growth factor 1 (IGF-1) has been shown to be a positive driver of myogenesis, 
whilst fibroblast growth factor (FGF), transforming growth factor β (TGF- β) and myostatin are 
potent inhibitors [123–126]. In addition, various secreted WNT signalling factors positively influence 
myogenesis. These are regulated by an array of stimuli, including exercise, nerve innervation and 
dietary protein intake, and are mediated through various gene regulatory networks including the T-
box family, tbx6, ripply1 and mesp-ba in mesenchymal stem cell populations [127–129]. Ultimately, 
this drives the expression of myogenic regulatory factors (MRFs) such as myogenic differentiation    
1 (MYOD), myogenic factor 5 (MYF5) and myogenin (MYOG), this process being in mesenchymal 
derived muscle progenitor cells called satellite cells [130–133].  Although some redundancy exists   
in their cellular function, MYF5 is mostly implicated in mediating the proliferation of satellite cells 
and MYOD in their differentiation into myoblasts, whilst downstream factors, including myogenin, 
initiate further differentiation of mature myocytes followed by the fusion and formation of mature 
myotubes [130–132] or mostly relevant for adult muscle, fusion with myofibers. 

Below, we will describe how inflammation and glucocorticoids impact these regulatory processes 
of muscle mass metabolism, driving a shift towards anti-anabolic and catabolic protein metabolism, 
resulting in muscle wasting. 

8. Effects of Inflammation of Muscle Metabolism 

Inflammation is a well established driver of muscle wasting in preclinical models and strongly relates 
to poor prognostic outcome and increased morbidity and mortality in patients with chronic inflammatory 
diseases [134]. Pro-inflammatory cytokines such as TNFβα, IL-1β and IL-6, which are elevated  in 
chronic inflammation, are themselves reported to drive proteolysis and autophagy and suppress 
myogenesis and protein synthesis in muscle [135–138]. Of these, TNF-α, at the apex of the inflammatory 
cytokine cascade in many chronic inflammatory diseases, is critical in regulating inflammatory muscle 
wasting. Here, its activation of the NF-kB and p-38 MAPK pathways directly induces muscle wasting 
through the increased expression of the E3 ligases, atrogin-1 and MURF-1 and activation of the UPS 
system [139–143]. In models of chronic inflammation, TNF-α also downregulates circulating levels of 
IGF-1 and the downstream PI3K/AKT/mTOR signalling pathways, whilst upregulating the catabolic 
FOXO pathway to suppress protein synthesis and myogenesis in muscle [141,142,144,145]. Another 
factor implicated in inflammatory muscle wasting is myostatin. This is also reported to be increased in 
chronic inflammation, where it positively correlates with markers of disease severity. Elevated myostatin 
downregulates PI3K/AKT/mTOR signalling, promoting muscle atrophy [146,147]. Of interest, several 
studies have reported elevated endogenous GC levels as being central mediators of inflammatory muscle 
wasting. Here, the inflammatory activation of the hypothalamic/pituitary/adrenal (HPA) axis in response 
results in an elevation of circulating cortisol to mediate muscle wasting [148–151]. Of note, the blockade of 
endogenous GC production or muscle GR signalling could reverse muscle wasting in some experimental 
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models [152,153]. This indicates that in addition to a direct impact of inflammation on intra-cellular 
muscle mass regulatory processes, activation of the HPA axis as an evolutionarily conserved response 
to suppress systemic inflammation can result in GC driven muscle wasting as an indirect effect of 
inflammation on skeletal muscle. 

9. Effects of Glucocorticoids on Muscle Metabolism 

Extended exposure to therapeutic GCs results in the rapid onset of a GC induced muscle atrophy, 
characterised by a decrease in myogenesis and protein synthesis and an increase in proteolysis and 
atrophy of muscle fibres [9,154–157].  This leads to a significant decrease in muscle fibre size,  with   
a greater degree of wasting apparent in fast-twitch or type II muscle fibres [158]. The shift towards 
greater catabolic loss of protein and decreased anabolic synthesis in muscle is elicited by GCs through 
a number of pathways, including a decrease in IGF-1 signalling and an increase in negative regulators 
of the mTOR pathways such as myostatin and the protein regulated in development and DNA 
damage response 1 (REDD1) [157,159]. Similarly, as with inflammatory pathway activation, GCs  
also activate the UPS and autophagy secondary to upregulation of the FOXO1 pathway [80,154,160]. 
In particular, the marked increase in degradation of contractile skeletal muscle proteins through the 
UPS system is believed to be central in GC induced muscle wasting in vivo. This is supported by 
several studies demonstrating the downregulation of the PI3K/AKT/mTOR signalling pathways and 
the upregulation of the E3 ligases Atrogin-1 and MURF-1 in response to GCs [112]. Several studies have 
also demonstrated a significant increase in 4E-BP1 and suppression of p70S6K in GC induced muscle 
atrophy, demonstrating a role for reduced protein synthesis and regeneration [157,159]. Of interest, the 
restoration of IGF-1 signalling can rescue GC induced myopathy in mice, demonstrating a crucial role 
for this growth factor in the process of GC-induced myopathy [9,154–156]. Glucocorticoid mediated 
muscle wasting has also been shown to be rescued through the in vivo deletion of myostatin, indicating 
that the negative regulation of the IGF-1 pathway may also be a crucial step in this process [161–163]. 

10. Interaction between Inflammation and Glucocorticoids in Muscle 

As with bone, many of the central inflammatory pathways that induce muscle wasting, including 
the NF-kB and p38-MAPK pathways, are themselves suppressed by GC signalling, suggesting that 
therapeutic application may protect against the process of inflammatory muscle wasting. However, 
other elements of inflammatory muscle wasting such as the suppression of IGF-1 and induction of 
myostatin and FOXO1 pathway activation are common components in both inflammatory and GC 
induced muscle wasting (Figure3). Understanding how these interact in vivo remains paramount in our 
understanding of how therapeutic GCs should be applied in the setting of chronic inflammatory disease. 
Some insights arise from clinical studies exploring these processes in patients with inflammatory 
disease receiving GCs. Of note, in inflammatory myopathies arising directly from muscle inflammation, 
such as with polymyositis and dermatomyositis, GCs are effective in controlling inflammation and 
protecting against inflammatory muscle wasting and associated weakness [164]. Similarly, therapeutic 
GCs are effective in preventing muscle wasting in patients with Duchenne muscular dystrophy (DMD), 
where progressive muscle necrosis mediates loss of muscle [165–169]. However, in other inflammatory 
diseases, where muscle wasting occurs secondarily to inflammation at a non-muscle site, the application 
of therapeutic GCs is strongly associated with rapid loss of muscle mass [170,171]. These findings 
may suggest that GCs can oppose the process of inflammatory muscle wasting when the active 
inflammation is confined to the muscle, but promote muscle wasting when used to manage other 
systemic chronic inflammatory diseases such as RA. As with GC induced osteoporosis in patients 
with chronic inflammatory disease, the interpretation of these findings in relation to muscle wasting is 
complicated by disease severity and duration and by concurrent DMARD therapies. 
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Figure 3. Schematic representation of signalling pathways involved in both inflammatory driven and 
GC induced muscle wasting and their interactions. Inflammatory cytokines such as TNF-α and IL-1 
inhibit mammalian target of rapamycin (mTOR) signalling, dampening muscle protein synthesis, whilst 
simultaneously inducing transcription of E3 ligases, leading to muscle proteolysis. Glucocorticoids 
(GCs) inhibit inflammatory signalling, including nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) signalling, and therefore decrease inflammatory driven muscle wasting. Despite this, 
GCs also drive muscle wasting through several pathways themselves, including suppression of the 
IGF-1/AKT/mTOR signalling cascade, leading to decreased protein synthesis and increased FOXO1 
transcription. GR activation and dimerization induce the transcription of myostatin (MSTN), FOXO1 
and other E3 ligases, leading to increased proteolysis and diminished protein synthesis. Forkhead 
box protein O1 (FOXO1), mammalian target of rapamycin (mTOR), insulin like growth factor (IGF-1), 
(p-38-MAPK), glucocorticoid induced leucine zipper (GILZ), secretory leukocyte protease inhibitor 
(SLPI), tristetraprolin (TTP), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), 
glucocorticoid receptor (GR), myostatin (MSTN), and IGF-1 receptor (IGF-1 R). 

11. Insights from Murine Models of Chronic Inflammation Receiving Therapeutic Glucocorticoids 

Additional insight has come from murine models of polyarthritis receiving therapeutic GCs. 
These are able to circumvent issues related to differences in disease activity between patients and 
complications arising from the various alternative anti-inflammatory drugs used to manage disease in 
patients. In one such study, we examined the role of the GC corticosterone, delivered as a monotherapy 
in the TNF-tg murine model of polyarthritis, on net bone and muscle metabolism [80]. This revealed 
that therapeutic doses of GCs, whilst effective at suppressing disease activity, also potently suppressed 
inflammatory osteoporosis and juxta articular bone loss. This confirmed that their capacity to suppress 
inflammatory pathways that mediate inflammatory bone loss outweighed their deleterious effects 
on bone metabolism. These bone sparing effects of GCs were mediated through the suppression of 
pro-inflammatory osteoclasts’ activation, both systemically and at sites of inflammation. However, 
whilst these treatments protected from inflammatory bone loss, we still observed a suppression of 
anabolic bone formation in all mice receiving GCs, suggesting that long term administration may still 
ultimately result in GIO. 

Unlike bone, therapeutic GCs markedly exacerbated muscle wasting in mice with chronic inflammation. 
This was characterized by a marked activation of the catabolic FOXO1 and UPS pathways [80]. Similar 
findings had been reported in rats, where dexamethasone exacerbated inflammatory muscle wasting in 
models of sepsis [172]. These data indicate that the beneficial effects of inflammatory suppression by GCs 
in muscle were not sufficient to outweigh their deleterious actions on muscle metabolism. Whilst further 
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work is required to better elucidate the actions of therapeutic GCs in the context of chronic inflammation, 
these data shed light on the potential strengths and weaknesses of their application in muscle and bone. In 
particular, they indicate that the management of side effects in muscle may need to be prioritised over 
those in bone, in patients with chronic inflammatory diseases receiving therapeutic GCs. 

12. Pre-Receptor Regulation of Therapeutic GC Action to Protect against Side Effects 

The pre-receptor metabolism of GCs by the 11β-hydroxysteroid dehydrogenase (11β-HSD) 
enzymes is recognised as a critical step in mediating GC signalling in many peripheral tissues. These 
are the 11β-HSD type 1 (11β-HSD1) and type 2 (11β-HSD2). 11β-HSD1 is expressed in many tissues, 
including the liver, bone, muscle and fat, where it converts inactive endogenous and therapeutic GCs 
(such as corticosterone and prednisone) to their active counterparts (such as cortisol and prednisolone), 
leading to a local accumulation and concentration of active GCs [173–175] (Figure4). In contrast, 11β-
HSD2 solely inactivates endogenous and therapeutic GCs within the kidney, providing circulating 
inactive GC substrate for the peripheral 11β-HSD1 enzyme and supporting renal clearance of GCs [175]. 
Several key studies have demonstrated a critical role for the pre-receptor activation of GCs by 11β-HSD1 
in mediating the deleterious actions of therapeutic GCs in muscle and bone [176,177]. Here, animals 
with transgenic deletion of 11β-HSD1 are resistant to both exogenous GC induced muscle wasting and 
osteoporosis. This raises the exciting possibility that therapeutic 11β-HSD1 inhibitors, widely explored 
in the management of metabolic disease,  may prevent bone loss and muscle wasting in patients  
with chronic inflammatory diseases receiving GCs [178,179]. Further studies lend strength to this 
concept, showing that 11β-HSD1 is potently upregulated within muscle cells and osteoblasts, where it 
is potently upregulated by circulating inflammatory cytokines such as TNF-α and IL-1β [174,180,181]. 
Despite this, caution should be applied in this context, given that systemic deletion of 11β-HSD1 can 
exacerbate disease activity in murine models of inflammation, secondary to a reduction in reactivation 
of endogenous GC at sites of inflammation [182,183]. Consequently, further studies are required to 
delineate the potential benefits and risks of 11β-HSD1 inhibition in chronic inflammatory disease. 

 

Figure 4. Pre-receptor metabolism of GCs by 11β-HSD1. 11β-hydroxysteroid dehydrogenase (11β-HSD) 
type 1 is a bidirectional enzyme that predominantly reduces inactive GCs to their active counterparts in 
an NADPH dependent manner, whilst 11β-HSD type 2 is an NAD+ dependent unidirectional enzyme 
that converts active GCs to their inactive counterparts. 
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13. Conclusions 

Both chronic inflammation and therapeutic GCs are potent drivers for systemic bone and muscle 
wasting resulting from an imbalance between anabolic and catabolic homeostasis. Whilst therapeutic 
GCs oppose many of the inflammatory pathways that drive bone and muscle wasting, they share 
common pathways that promote anti-anabolic and catabolic metabolism of bone and muscle and 
can drive or exacerbate these deleterious processes in chronic inflammatory disease. However, these 
relationships are invariably complicated by the nature of the inflammatory disease in which therapeutic 
GCs are utilized. Intriguingly, 11β-HSD1 inhibitors may possess the potential to prevent the deleterious 
actions of therapeutic GCs in the backdrop of chronic inflammation. However, further studies are 
required to assess their efficacy and safety in this context. 
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