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Abstract 

Short stature and osteoporosis are common in Duchenne muscular dystrophy (DMD) 

and its pathophsyiology may include an abnormality of the growth hormone/insulin-

like growth factor 1 (GH/IGF-1) axis, which is further exacerbated by glucocorticoid 

(GC) treatment. The mechanisms that underlie the undesirable effects of GCs on 

skeletal development are unclear and there is no proven intervention. Investigation of 

compounds to treat the defect in growth and skeletal development in GC treated DMD 

boys necessitates an appropriate pre-clinical model, but at present there is no 

established animal model to investigate GC effects on skeletal development. The mdx 

mouse is commonly used but its phenotype is mild and few medications that have 

shown benefit in the mdx mouse have also shown efficacy in clinical trials. The 

mdx:cmah mouse carries a human-like mutation in the Cmah gene and has a more 

severe muscle phenotype, but its growth and bone characteristics have never been 

investigated. 

 

This thesis tested the overall hypothesis that "GC- treated mouse models of 

Duchenne muscular dystrophy (DMD) have an abnormality of linear growth and 

skeletal development that can be rescued by modulation of the growth hormone (GH)/ 

insulin-like growth factor-1 (IGF-1) axis. 

 

Firstly the growth and bone phenotype of the mdx, mdx:utr and mdx:cmah muscular 

dystrophy mouse models were characterised. No clear intrinsic skeletal defect were 

observed in the mdx or mdx:utr mice. Furthermore, mdx:cmah mice showed clear 

evidence of catch-up growth that was also associated with an increase in bone 

development. This pattern does not mimic the typical DMD growth trajectory. Whilst 

the utility of the mdx:cmah mouse for studying growth and skeletal development in 

DMD may be limited, further studies of this model may shed light on the phenomenon 

of catch-up growth.  

 
In the second part of the project, the aim was to identify a suitable GC regimen to 

induce both growth retardation and osteoporosis in juvenile mdx and mdx:cmah mice 

and their wildtype C57BL10 controls. C57BL10 mice appeared fairly resistant to GC 

challenge; despite high doses no biomechanical or trabecular architecture changes 

were noted. Prednisolone 20mg/kg body weight given by oral gavage appeared to be 



 

 

the most effective regimen to induce growth retardation and osteoporosis over a 28-

day period. A GC-sparing agent, VBP-6 was also examined as an alternative to GC, 

with the aim of further characterising its effects on skeletal development. This thesis 

has provided extra data to support the clinical trials that are currently investigating the 

use of VBP-15 (a VBP-6 analogue) as a GC-sparing agent in DMD and provides 

further evidence that VBP-6 is able to improve muscle function without the deleterious 

skeletal side-effects. VBP-6 could potentially be used as an alternative in other 

childhood conditions that necessitate the use of long-term GCs.  

 

The final part of the project explored the potential of GH and IGF-1 given in 

combination to rescue the growth retardation and cortical bone defect seen during 4 

weeks of prednisolone treatment in mdx mice.  This intervention study determined 

that growth retardation could be rescued by combined GH/IGF-1 treatment but the 

osteopenia phenotype could not.  As short stature remains one of the most significant 

concerns for boys with DMD as their life expectancy increases, it may now be 

appropriate to design a pilot clinical study to evaluate the safety and tolerability of 

combination GH and IGF-1 therapy in a small group of patients with DMD.



Lay abstract  
 

Duchenne muscular dystrophy (DMD) is a severe and ultimately fatal disease. It 

affects up to 1 in 4000 males and there is no cure. Steroids are the only treatment 

that can help slow down muscle weakness but they have many side effects including 

growth failure and low bone mass (osteoporosis). The reasons for these unwanted 

side effects are unclear, but even boys who are not treated with steroids tend to be 

short and have weak bones. It may be that because DMD is a chronic inflammatory 

process, this disrupts the growth hormone (GH) /insulin-like growth factor (IGF-1) 

pathway. GH is produced by the anterior pituitary gland. It can act directly on the 

skeleton, but mainly acts indirectly, through IGF-1. Together the GH/IGF-1 pathway 

plays a crucial role in regulating normal bone growth and bone mass during childhood, 

and children with either GH or IGF-1 deficiency are short and may have low bone 

mass. There are no treatments available to help bone growth in DMD but new 

treatment regimens may be identified by studying mouse models of DMD.    

The mouse model commonly used in DMD research is the X-linked Muscular 

Dystrophy (mdx) mouse, but it has significant limitations because the disease process 

is not as severe as in patients with Duchenne. Very few medications that are effective 

in the mdx mouse have shown to be useful in patients. Therefore I have tested a new 

mouse model, the mdx:cmah mouse. This mouse is bred from the mdx mouse, but 

also has an additional gene deletion to make it more 'human' and therefore I had 

hoped that it would behave in similar way to patients with Duchenne. I have looked, 

for the first time, at bone and growth in the mdx:cmah mouse and compared it both to 

the mdx and a healthy 'wildtype' mouse. Instead of finding impaired growth and 

skeletal development, I actually demonstrated that the mdx:cmah mouse shows 

catch-up growth and no evidence of impaired bone development. Although it does not 

appear to be an appropriate model to investigate bone and growth in DMD it may 

prove to be a useful model to study catch-up growth.  

During the second part of the project, I gave both DMD mouse models and wildtype 

mice different regimens of steroids to determine which was the most effective at 

impairing their growth and bone development. I also tested a new steroid-sparing 

agent, known as VBP-6 and proved that it was able to improve muscle strength 

without causing the other steroid side-effects on the skeleton. This information will be 



 

 

helpful to provide extra evidence to support the use of VBP-6 in clinical trials of 

childhood conditions, where steroids are usually used.  

After finding an effective steroid regimen, the final part of the project involved testing 

whether the GC-treated mdx mice responded to a combination of GH and IGF-1. I 

found that the combination of GH and IGF-1 was able to rescue the growth retardation 

but not the bone defect. This work is very important because both GH and IGF-1 are 

readily available and are already used in children, so this work could now be carried 

out as a clinical trial in patients with DMD to see if the combination of GH and IGF-1 

are also able to lessen the short stature in steroid-treated patients with DMD.
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1 Introduction and literature review 
 

1.1. Bone structure 
The bony skeleton not only provides physical support and protection for vital organs 

but is also a crucial storage site for bone marrow and essential ions such as calcium 

and phosphorus. In addition, bone is a highly dynamic endocrine organ and 

undertakes continual modelling or remodelling in response to its environment 

(Crockett et al. 2011). The structure of bone varies dependent on its site and function 

within the body. Cortical bone forms approximately 80% of the mature skeleton 

(Clarke 2008). In long bones the diaphysis comprises almost exclusively cortical 

bone, whilst vertebral bodies and the metaphysis of long bones contain mainly 

trabecular bone. Cortical and trabecular bone have the same basic structure but the 

density and corresponding compressive strength of cortical bone is much greater 

(Sommerfeldt et al. 2001). Within the cortex, osteons form concentric layers, 

or lamellae of compact bone with inner Haversian canals containing blood vessels 

and nerves (Figure 1-1). Trabeculae make up a three dimensional structure of bony 

processes. The larger surface area and proximity of trabeculae to blood vessels in 

the bone marrow enable greater deformation to occur and a rapid response to 

changes in load and the environment. 

 

 
Figure 1-1 The differences between trabecular (cancellous) and cortical (compact) 

bone. Reproduced from (Cowin et al. 2015) 
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Bone is made up of inorganic salts and an organic matrix. The inorganic material 

comprises mainly calcium and phosphate ions which complex together to form 

hydroxyapatite crystals. The organic matrix is made predominantly of collagenous 

proteins and in particular type I collagen and also non-collagenous proteins, including 

osteocalcin, osteopontin, bone morphogenetic proteins (BMPs), and growth factors 

such as platelet-derived growth factor and IGF-1 and IGF-2. (Robey 2008). Bone cells 

comprise four main types: osteocytes, osteoblasts, osteoclasts and lining cells.  

 

1.1.1 Osteocytes 
Osteocytes account for 95% of all bone cells and have a lifespan of up to 25 years 

(Florencio-Silva et al. 2015). They resemble dendrites and are found in lacunae 

surrounded by the matrix of mineralised bone. Although osteocytes were previously 

thought to be passive cells, their dynamic nature and vital role in gatekeeping during 

bone remodelling has now been established. They are formed during the terminal 

differentiation of osteoblasts and their main role is to convert mechanical stimuli into 

a biological response (Aubin 1998, Kogianni et al. 2007). Load-induced strain causes 

micro-damage and initiates apoptosis of osteocytes and results in the release of 

receptor activator of nuclear factor kappa beta ligand (RANKL), which stimulates 

osteoclast formation and activity. Osteocytes also produce sclerostin, which is an 

inhibitor of wingless/integrated (Wnt) signalling and bone formation.  

 

1.1.2 Osteoclasts 
Osteoclasts are large multinucleated cells that originate from haematopoietic stem 

cells, which also give rise to macrophages. The osteoclast precursor cells fuse at the 

bone surface to form multi-nucleated osteoclasts which reside in specialised cavities 

known as Howship’s lacunae. Their function is to resorb bone and they have a 

specialised cell membrane, known as the ruffled border, which is essential for their 

resorptive activity (Teitelbaum 2007). The osteoclast also expresses enzymes such 

as cathepsin K and matrix metalloprotease-9, which are important for matrix 

degradation (Delaissé et al. 2003).  The osteoclast precursor expresses a RANK 

receptor which is activated by the binding of the cell membrane bound RANKL to 

stimulate osteoclast formation. Expression of RANKL occurs when cells are exposed 

to certain hormones and other factors such as parathyroid hormone (PTH). However, 
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osteoprotegrin (OPG) can act as a decoy receptor and bind RANKL, therefore 

preventing osteoclast formation.   

 

1.1.3 Osteoblasts  
Osteoblasts are cuboidal cells found along the surface of the bone and are 

predominantly responsible for bone formation (Karsenty et al. 2009). They are 

characterised by their unique ability to secret extracellular matrix (ECM) that is rich in 

type I collagen, which gives bones their tensile strength. Osteoblasts originate from 

multipotent mesenchymal stem cells, which have the capacity to differentiate into 

osteoblasts, adipocytes, chondrocytes, myoblasts, or fibroblasts (Figure 1-2). The 

transcription factor, runt-related transcription factor-2 (Runx2) is required for 

progenitor cells to differentiate into osteoblasts (Komori 2009); Runx2 gene deletions 

in mice are lethal as their skeleton is unmineralised and the mice are unable to 

breathe (Takarada et al. 2013). Osterix is another transcription factor which acts 

downstream of Runx2 to aid osteoblast differentiation (Sinha et al. 2013). Msx1 also 

regulates osteoblast differentiation in young animals (Figure 1-2). Mature osteoblasts 

also express osteocalcin, which is thought to be a key regulator of bone turnover and 

mineralisation as well as playing a role in glucose and fat metabolism (Ferron et al. 

2008).   

 

1.1.4 Bone lining cells  
Bone lining cells cover the areas of bone surface in which neither formation or 

resorption are occurring (Everts et al. 2002). Their role is less clear but they probably 

aid coupling of the bone formation and resorption processes.  

 

1.1.5 Bone marrow 
The bone marrow micro-environment also regulates bone homeostasis and helps 

control the balance between bone formation and resorption. Bone marrow consists of 

two separate and distinct stem cell populations. The mesenchymal stem cells 

constitute the bone marrow stroma and are the progenitor cells for osteoblasts and 

adipocytes depending on the presence of key regulators such as peroxisome 

proliferated-activated receptor (PPAR)¡, CAAT enhancer binding protein (C/EBP), 

Runx2, Wnt and IGF-1 (Tencerova et al. 2016). Adipocytes in the bone marrow of the 

mouse are present throughout the long bones and also in the lumbar vertebrae but 
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most numerous in the epiphyses (Rosen et al. 2009). The haematopoetic stem cell 

population gives rise to blood cells or osteoclasts and is regulated by key factors such 

as RANKL and nuclear factor kappa beta (NFҡ b). The regulation of bone marrow 

adipogenesis is not fully understood but it is thought that an increase in bone marrow 

adipose tissue is associated with a reduction in bone mass (Shanmugam et al. 2018).  

 

 
Figure 1-2 Factors controlling the fate of the mesenchymal stem cell and 

haematopoetic stem cell populations. Reproduced from (Rosen et al. 2009) 

 

1.2 Skeletal development 
The foetal skeleton develops in two distinct ways; intramembranous ossification 

occurs within flat bones such as those of the skull and facial bones, while 

endochondral ossification accounts for the development of all long bones of the 

skeleton such as the tibia and femur. In this thesis the focus is on endochondral 

ossification, which involves a cartilaginous intermediate phase, as this process is 

responsible for bone formation and longitudinal growth of the majority of the skeleton. 

During the initial, patterning phase of skeletal development, mesenchymal cells 

condense into tissue elements at specific sites that form the structure of future bones 

(Karsenty et al. 2002). By embryonic day 12 (E12) in mice, these pre-cartilaginous 

anlagen reflect the shape, size, position and number of skeletal elements that will be 

present in the mature skeleton (Maes et al. 2016). Following this, differentiation to 
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either chondrocytes or osteoblasts occurs within the condensations. Chondrocytes in 

the centre become hypertrophic, whilst cells in the perichondrium differentiate into 

osteoblasts and capillaries invade to form the bone collar, and subsequently the 

periosteal cortical bone. Between E14-16 (Figure 1-3) the hypertrophic chondrocytes 

start to secrete collagen X, become invaded by blood vessels and mineralisation of 

the cartilage matrix occurs. As apoptosis of the hypertrophic chondrocytes occurs, the 

cartilaginous ECM is gradually replaced by a bony ECM (rich in type I collagen), and 

osteoclasts partially resorb the mineralised cartilage surrounding the hypertrophic 

chondrocytes.  The osteoblasts lay down osteoid on the cartilage remnants and the 

primary ossification centre forms. As osteoblasts continue to lay down new bone, the 

primary ossification centre expands towards the ends of the cartilage model and 

metaphyseal trabecular bone forms. In long bones of mice by post-natal day 5 (P5), 

epiphyseal blood vessels invade the avascular cartilage at each end of the bone and 

secondary ossification centres subsequently form. Layers of cartilaginous growth 

plates are left in between the epiphyseal and metaphyseal ossification centres, which 

enables further growth to occur.  

 

1.2.1 The growth plate 
The epiphyseal growth plate (GP) lies between the metaphysis and epiphysis of all 

developing long bones. It consists of chondrocytes embedded in ECM rich in collagen 

type II. The chondrocytes are arranged in vertical columns that lie parallel to the 

direction of bone growth. Each column is composed of discrete layers of chondrocytes 

that ‘move’ through their associated orderly pattern of resting, proliferative and 

hypertrophic phases (Mackie et al. 2011), Figure 1-3.  

 

The resting zone contains small, scattered chondrocytes that are not actively involved 

in bone growth and replenish the pool of proliferative chondrocytes when required 

(Hunziker 1994). The proliferative zone chondrocytes are neatly stacked and are able 

to rapidly replicate. During the hypertrophic phase, chondrocytes increase their height 

between 5 to 10-fold but remain orientated in columns (Farnum et al. 2002).  They 

secrete collagen type X which is unique to this cell type and also the phosphatases,  

alkaline phosphatase (ALP)  and PHOSPHO1 which are essential for the 

mineralisation of the ECM surrounding the hypertrophic chondrocytes (Roberts et al. 

2007). Once they reach the hypertrophic phase, chondrocytes promote invasion of 
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blood vessels via the production of vascular endothelial growth factor (VEGF), from 

the underlying metaphysis. This results in the delivery of osteoclasts to the chondro-

osseous junction where they partially resorb the growth plate cartilage, forming a 

template for the deposition of osteoid by osteoblasts. This primary spongiosa is 

eventually fully remodelled to remove the cartilage cores and after mineralisation of 

the osteoid, the secondary spongiosa is formed. 

 

The size of hypertrophic chondrocyte and rate of bone growth is highly correlated. It 

takes 2 days for chondrocyte differentiation from a proliferative to hypertrophic 

chondrocyte to occur in mice (Kember et al. 1976). The greatest height velocity in 

humans occurs during infancy and then height velocity subsequently declines until a 

further growth spurt at puberty. After puberty, once the primary ossification centre 

fuses with the secondary ossification centre via the formation of bony bridges, the GP 

becomes replaced by bone and cessation of growth occurs. Growth in the mouse 

slows down after puberty, but the GP does not completely fuse (Emons et al. 2011). 

 

1.2.2 Bone remodelling 
After birth, a continuing cycle of modelling (or remodelling in adults when it occurs 

without a change in bone shape) occurs and there is a fine balance between bone 

formation and bone resorption so that old bone is continually replaced by new tissue 

to sense and adapt to alterations in functional, metabolic and mechanical demands 

and repair microdamage within the matrix. (Frost 1990, Hofbauer et al. 2009).  
Bone remodelling involves three phases: resorption, during which osteoclasts resorb 

old bone; reversal, when mononuclear cells appear on the bone surface; and 

formation, when osteoblasts lay down new bone until the resorbed bone is completely 

replaced (Hadjidakis et al. 2006). The modelling cycle is tightly regulated by the 

RANKL/OPG system (Boyce et al. 2007). RANKL interacts with the RANK receptor 

on osteoclast precursors, so that they begin the process of resorption. The effects of 

RANKL are blocked by OPG, a secretory dimeric glycoprotein belonging to the TNF 

receptor family (Hofbauer et al. 2000). OPG is produced mainly by osteoblasts and 

acts as a decoy receptor for RANKL. It regulates bone resorption by inhibiting the final 

differentiation and activation of osteoclasts and by inducing their apoptosis. The role 

of the OPG/RANK/RANKL coupling in regulation of bone remodelling can be 

demonstrated by RANKL knockout mice which show osteopetrosis and OPG-deficient 
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or RANKL overexpression mice which have osteoporosis (Bucay et al. 1998, Pettit et 

al. 2001).  

 

1.2.3 Endocrine regulation of longitudinal bone growth 
Bone is a highly complex endocrine organ and both local and systemic signals 

contribute to the delicate balance between either bone formation or resorption. 

Longitudinal bone growth is primarily influenced by the growth hormone/insulin-like 

growth factor-1 (GH/IGF-1) axis at both the endocrine and autocrine/paracrine level, 

but other hormones also contribute, including the thyroid and parathyroid glands, sex 

steroids and endogenous glucocorticoids. 

 

1.3 The Growth hormone/ Insulin-like growth factor axis  
Growth hormone (GH) and Insulin-like growth factor-1 (IGF-1) are fundamental 

regulators of longitudinal bone growth and have interdependent roles in the regulation 

of growth and skeletal function. Data from both humans and animals with GH/IGF-1 

deficiency or deficient receptor signalling have shown the importance of the GH/IGF-

1 axis in skeletal development (Lupu et al. 2001, Giustina et al. 2008, Cohen et al. 

2014). GH is secreted by the anterior pituitary gland under the control of hypothalamic 

peptides; growth hormone-releasing hormone (GHRH) and ghrelin stimulate GH 

release whereas somatostatin release inhibiting factor inhibits GH release (Hartman 

et al. 1993).  Whilst it was previously thought that GH only acted through IGF-1, it has 

now been shown that both hormones exert independent effects as well as acting in 

combination. Consistent with this theory, mice with combined GH and IGF-1 receptor 

deletion are smaller than mice with a single mutation only (Lupu et al. 2001). The 

precise mechanism of the action of GH and IGF-I on the epiphyseal GP remains 

unknown, however, and there are conflicting data regarding the relative contribution 

of each hormone on overall bone growth (Sims et al. 2000, Lupu et al. 2001, 

Hutchison et al. 2007). 
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Figure 1-3 Endochondral ossification and growth plate (GP) in a mouse long bone.  

A) shows a schematic representation of endochondral ossification in a mouse long 

bone. Adapted from (Maes et al. 2016). At embryonic day 12-14 (E12-14): 

mesenchymal stem cells condense to form the cartilage analgen. Between E16 and 

P1: A bony collar is formed by osteoblasts to support bone growth. Invasion of blood 

vessels allows infiltration of osteoblasts and osteoclasts and the primary ossification 

centre forms: P5: The primary ossification centre expands to both ends of the 

diaphysis and the  secondary ossification centre begins to form. P14:  a discrete 

layer of chondrocytes (the GP) remains.  

B) shows a H&E stained section of a  GP from a mouse tibia  and pictorial 

representation of the same region to demonstrate the zones within a GP and its 

epiphyseal location within a long bone.
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The initial somatomedin hypothesis proposed in 1957 (Salmon et al. 1957) suggested 

that GH acted via a systemic intermediary substance, somatomedin -which was later 

renamed IGF-1, to initiate its effects on bone. Revised hypotheses have now been 

proposed, however, to account for the discovery of additional pathways. According to 

‘the dual effector theory’; in addition to causing an increase in systemic IGF-1 levels 

via a feedback loop, GH is also able to induce the expression and action of local IGF-

1 at the level of the GP (Green et al. 1985).  The presence of local GH recruits resting 

chondrocytes into a proliferative state and stimulates local IGF-1 production.  Once 

activated, the chondrocytes also become responsive to IGF-1 enabling clonal 

expansion of chondrocyte columns to form (Zezulak et al. 1986). Flaws in the dual 

effector theory have now been highlighted, however, by data showing that GH also 

has direct effects on chondrocytes; the local injection of GH directly into the GP of the 

limbs of hypophysectomised rats produced a significant increase in length of the 

injected limb compared with the non-injected contralateral limb, which is suggestive 

of a direct effect of GH on growth regulation (Baron et al. 1992). The addition of IGF-

1 to GH in female rats augments cortical bone mass (Sundström et al. 2014) without 

an effect on linear bone growth, which was considered to be best explained by the 

local effects of GH in combination with the synergistic effect of systemic IGF-1. 

 

Direct GH effects are mainly mediated via the GH receptor (GHR). The GHR is a 

member of the class 1 cytokine receptor superfamily and comprises extracellular, 

transmembrane and intracellular domains. Activation of the GHR occurs by ligand- 

induced dimerization, mainly through activation of Janus Tyrosine Kinase 2 (JAK) 

(Argetsinger et al. 1993). Autophosphorylation and phosphorylation of the internalized 

GHR occurs. Intracellular protein activation results in the activation of transcription 

factors, especially through the signal transducer and activator (STAT) pathway. GH 

binds to its membrane receptor and activates signal transduction pathways to regulate 

transcription of GH target genes, such as IGF-1 (Chia 2014). The JAK/STAT 

signalling pathway is needed for GH induction of IGF-1 and GH activates chondrocyte 

STAT signalling (Pass et al. 2012). STAT5 is particularly influential within the GP . 

GH also affects the fate of mesenchymal precursor cells which can differentiate into 

adipocytes, chondrocytes or osteoblasts dependent on conditions (Pittenger et al. 

1999, Hu et al., 2018)).  IGF is a single chain polypeptide that is similar in structure to 

pro-insulin. It is mainly produced by the liver under GH control, but also in skeletal 
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muscle and cartilage. IGF-1 is more important in post-natal growth while IGF-2 is 

predominantly responsible for foetal growth (D’Ercole et al. 1980). IGF’s mainly travel 

in complex, almost entirely bound to one of six insulin-like growth factor binding 

proteins (IGFBPs). More than 95% of IGF-1 is bound to IGFBP3, which combines with 

an acid labile subunit (ALS) in a 150kDa ternary complex (Baxter 1988, Laron 2001). 

IGFBPs are produced by many tissues and are regulated mainly by GH, but also by 

IGF-1 itself. These complexes prolong the life of IGF in circulation and, depending on 

their concentration, can either inhibit the action of IGFs or enhance effectiveness 

(Clemmons 1993). IGF1 can only bind the receptor in its free form so release from 

ALS and IGFBP3 is required before it can be activated. However, without ternary 

complex half-life of free IGF1 is very short and has only a very short duration of action 

after release in the circulation. IGF-1 has both paracrine/autocrine and endocrine 

effects; the indirect effects of GH are mediated mainly via IGF-1 and IGFBPs. IGF-1 

exerts its actions through the type 1 IGF receptor, a tyrosine kinase receptor that is 

structurally related to the insulin receptor and is present on the cell surface of all 

chondrocytes, particularly in the proliferative zone (Verschure et al. 1995).  

 

IGF-1 is anabolic to bone; through the phosphoinositide-3-kinase (PI3K) pathway, it 

enhances Wnt- dependent activity and probably increases both osteoblast 

proliferation and osteoblast differentiation (Oh et al. 2003, Tahimic et al. 2013). IGF-

1 has been conditionally deleted in osteoblasts at various stages of development and 

a reduction in bone formation and overall decrease in bone mass were noted. Mice 

with an osteoblast specific deletion of IGF-1R also demonstrate decreased trabecular 

bone volume, number, connectivity and spacing (Zhang et al. 2002). Conversely, mice 

with overexpression of IGF-1 in osteoblasts show increased bone mass and volume 

and increased activity of resident osteoblasts and bone formation rate (Zhao et al. 

2000). Specific knockout of IGF-1 expression in osteocytes also caused a reduction 

in both appositional and longitudinal growth, alongside a shorter GP and smaller 

hypertrophic chondrocytes (Sheng et al. 2013). IGF-1R are expressed on osteoclasts, 

but it is unclear as yet if osteoclasts themselves secrete IGF-1 (Cooper et al. 2013).  

IGF-1 disruption in the liver leads to low bone mass and reduced bone formation rates 

(Yakar et al. 2002). In keeping with this, systemic IGF-1 administration can partially 

rescue the bone phenotype in the GH receptor deficient mouse by improving cortical 

bone thickness without an impact on trabecular bone (Yakar et al. 2002). IGF-1 also 
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has an important role in anabolic pathways in muscle (Fryburg 1994). It causes 

myocyte differentiation and via proliferation of muscle satellite cells, also has a role in 

muscle maintenance and repair (Song et al. 2013). 

 

IGF-1 is mainly produced by cells in the perichondrium surrounding the GP 

chondrocytes,  and acts predominantly on the hypertrophic zone (Parker et al. 2007).  

The overall contribution of hepatic generated IGF-1 to epiphyseal bone growth 

remains unclear and extra-hepatic IGF-1 certainly plays a role; liver specific 

conditional knockouts of IGF-1 have a 75% reduction in  circulating IGF-1 but bone 

length and body size are unchanged from wild type (Yakar et al. 1999). Conversely, 

mice with targeted IGF1 chondrocyte deletion had normal systemic IGF-1 values but 

40% reduction in local IGF1 and 27% reduction in body size (Govoni et al. 2007). 

Systemic IGF-1 can rescue growth impairment in IGF1 null mice, suggesting a role of 

systemic IGF-1 on autocrine/ paracrine IGF-1 actions (Wu et al. 2009). Overall it 

appears that IGF-1, either produced locally or systemically, regulates many of the key 

processes within the chondrocyte, including proliferation, differentiation, hypertrophy 

and survival and also matrix synthesis.  

 

1.4 Duchenne muscular dystrophy (DMD) 
DMD is the most common muscular dystrophy of childhood. It affects 1 in 4000 live 

male births (Emery 1991) and is a severe and ultimately fatal, X-linked recessive 

disease. DMD occurs as a result of mutations in the gene at 21p on the X 

chromosome, with the resulting reduction or complete loss of dystrophin protein. 

Absence of dystrophin leads to increased muscle cell fragility and an ongoing cycle 

of degeneration and repair with associated inflammatory change and eventually 

replacement of muscle fibres with fibrosis and fatty change (Deconinck et al. 2007). It 

is associated with progressive muscle weakness and untreated individuals lose 

ambulation by a mean age of 10 years (Bello et al. 2015). Respiratory, cardiac or 

orthopaedic complications usually cause premature death in the second or third 

decade. Whilst there is still no cure for DMD, therapeutic advances such as the routine 

use of GC and coordinated multidisciplinary care have dramatically improved the 

natural course of the disease (Moxley et al. 2010) so that patients with DMD now 

regularly survive into their thirties (Wagner et al. 2007). 
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Unfortunately, the use of GC in DMD comes at a heavy price. The side-effects of GC 

are well recognised, frequently encountered, and can be very serious. Glucocorticoid 

receptors (GRs)  are present in many target organs and tissues and adverse effects 

can be varied, including insulin resistance, hypertension, behavioural problems, 

cataracts (Bonifati et al. 2000), adrenal suppression, growth retardation (Biggar et al. 

2006), bone hypo-mineralisation thus increasing risk of vertebral and lower limb 

fractures (Larson & Henderson 2000; Bothwell et al. 2003; King et al. 2007) and 

pubertal delay (Wood et al. 2015). As a result, clinicians face new challenges in the 

follow-up and supportive care of those with DMD. Families are increasingly seeking 

an endocrine specialist opinion to discuss possible treatment options for problems 

including short stature, osteoporosis and pubertal delay. This is not a straightforward 

consultation due to the likely multifactorial nature of the problem and the need to 

consider concomitant GC use and potential interactions with any therapy initiated.  

 

1.4.1 Glucocorticoid treatment in DMD 
Glucocorticoids are currently the mainstay of treatment in DMD and are the only 

pharmacological intervention proven to stabilise muscle strength. Almost 50 years 

ago, a study of 14 patients with DMD was published which concluded that steroids 

may have some palliative benefit (Drachman et al. 1974). By 2004, it was agreed that 

“ the evidence for the use of daily steroids in DMD is now established and that trials 

of other treatments should be against this gold standard (Bushby et al. 2004)” and a 

Cochrane review published in 2008 demonstrated that GC could stabilise muscle 

strength for up to three years (Manzur et al. 2008). The precise mechanism by which 

GC act to preserve muscle strength is however unclear. During the disease process, 

inflammatory mediators are released, and GC are thought to have an anti-

inflammatory/ immunosuppressive effect, possibly related to their inhibitory action on 

the NFkb pathway (Hoffman et al. 2012). Continuing longitudinal follow-up of GC-

treated cohorts has found that long-term, regular use of GC improves skeletal muscle 

and allow up to a further 3 years of independent ambulation, cardiac function and 

respiratory function (Daftary et al. 2007). They delay the onset of scoliosis (Lebel et 

al. 2013) and contractures and also preserve upper extremity function, thus improving 

quality of life.  GCs are offered when muscle function starts to plateau, this is usually 

by 5 years of age. Therefore by adulthood, most patients with DMD have been on 

high dose GCs for over 10 years. 
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1.5 Glucocorticoid-induced osteoporosis 
It is estimated that, at any one time, over 250,000 people in the UK are exposed to 

systemic GC (Walsh et al. 1996).  Approximately 10% of children will require GC at 

some stage during their childhood (Mushtaq et al. 2002) and 5% of the population 

aged 80 years or over have used GC in the past (Kanis et al. 2004). Long-term GCs 

are effective in many conditions, such as inflammatory bowel disease (Sbrocchi et al. 

2010; Pappa et al. 2011) chronic renal disorders (Olgaard et al. 1992), lung 

conditions, haematological malignancies (El-Hajj Fuleihan et al. 2012) and connective 

tissue disease (Feber et al. 2012), and in DMD in particular, they are the mainstay of 

long-term treatment (Matthews et al. 2016).  As discussed in Chapter 1, GCs are 

associated with frequent and wide-ranging side-effects, many of which are dose-

related and associated with considerable morbidity. Of these, two of the potentially 

most serious and challenging to manage are glucocorticoid-induced osteoporosis 

(GIO) and growth retardation. Osteoporosis is characterised by a reduction in bone 

mass and loss of bone microarchitecture, leading to impaired bone strength and 

increased fracture risk (Reinwald et al. 2008). GIO is the most prevalent type of 

secondary osteoporosis and accounts for about 25% of cases (Eastell et al. 1998). 

The General Practice Research Database has shown that total daily prednisolone 

doses of as little as 2.5mg can cause an increased risk of fracture (Van Staa et al. 

2000). Putting this into context, the recommended dose for prednisolone in DMD is 

0.75mg/kg.  

 

As healthy children have high rates of bone growth, their skeleton is particularly 

vulnerable to the adverse effects of GC on bone formation. GC-induced growth failure 

was first described 60 years ago after an equivalent cortisone dose of only 

1.5mg/kg/day (Blodgett et al. 1956), equivalent to 0.3mg of prednisolone. GC-induced 

growth failure has been reported following GC exposure by several alternative routes 

including inhaled GC in asthma (Allen et al. 1994) and intra-articular steroid injections 

in juvenile arthritis (Umlawska et al. 2010). GC-induced growth failure is dose-

dependent and alternate-day or weekend dosing is associated with less growth 

retardation (Escolar et al. 2011; Ricotti et al. 2013) . In children, although 

compensatory catch up growth may occur after cessation of GC therapy (Crofton et 



 15 

 

al. 1998), prolonged exposure may reduce the potential for this catch up (Simon et al. 

2002). 

 

1.5.1 Mechanisms of glucocorticoid-induced osteoporosis 
The aetiology of GC-induced osteoporosis is complex and a detailed review of the 

underlying mechanisms as recently reported (Henneicke et al. 2014) is beyond the 

scope of this literature review. Instead, I will summarise the key mechanisms and the 

differing effects of GCs in osteoblasts, osteoclasts and osteocytes. There are two 

distinct phases of GC-induced bone loss, resulting from the suppressive effects of 

GCs on both osteoblastogenesis and osteoclastogenesis. The initial acute period of 

increased bone resorption is followed by a more indolent phase of bone loss caused 

by a reduction in bone formation (Canalis et al. 2004).  Indirect effects of GCs on the 

skeleton such as decreased calcium absorption, increased renal calcium clearance, 

reduced GH secretion and suppression of sex steroid metabolism were previously 

thought to play a fundamental role, but whilst these factors do contribute, the main 

mechanisms underlying GIO are now known to result from the direct effect of GCs on 

the resident bone cells (Figure 1-4) (Canalis et al. 2007).  

 

GCs and mineralocorticoids act through corticosteroid receptors - the 

mineralocorticoid receptor (MR) and the GR. These receptors have often been 

referred to as Type 1 and Type 2 corticosteroid receptors, respectively (Eberwine 

1999, Stewart 2007). The GR is a member of the nuclear receptor superfamily of 

ligand-dependent transcription factors and is expressed in nearly every cell in the 

body. In particular, the GR is expressed in many bone cells, including osteoblasts, 

osteoclasts and osteocytes (Bouvard et al. 2009) and also in chondrocytes within the 

GP.  Once GCs bind to the GR in the cytoplasm, the GR translocates to the nucleus, 

where it acts as a transcription factor and modifies gene expression, via the GC-

response element (GRE), either by causing transactivation or transrepression. 

Transactivation accounts for most of the GC-associated adverse effects and in-vitro 

and murine studies demonstrate that selective GR modulators can alter the extent of 

these adverse effects (Owen et al. 2007, Thiele et al. 2012). However, studies using 

transgenic mice with a GR gene mutation that prevents dimerization and therefore 

transactivation still have reduced bone formation. This suggests that transrepression 

is probably also  partly responsible (Rauch et al. 2010). Polymorphism of the GR gene 
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is associated with varying susceptibility to GCs (Huizenga et al. 1998) which may in 

part explain the heterogeneity in GC-associated fracture rates in humans.  

 

Micro RNAs (miRNAs) are endogenous RNAs made up of 18-25 nucleotides that 

interact with messenger RNA to change protein expression (Selbach et al. 2008). 

Recent work has shown that several miRNAs have differential expression in GC-

treated bone ( Ko et al. 2013; Wang et al. 2013a; Shi et al. 2015). For example, a 

reduction in miRNA-29a expression, which interacts with Wnt signalling components 

and dickopf-related protein 1 during osteoblast differentiation was associated with 

GC-associated bone loss. Gain of miRNA-29a function by a miRNA-29a precursor 

(Wang et al. 2013) attenuated the deleterious effects of GC treatment on bone mass, 

microarchitecture, and biomechanical strength. 

 

1.5.2 Effects of GC on osteoblasts 
The chronic bone loss in GIO predominantly results from the ability of GCs to 

decrease both the number and functionality of osteoblasts. Osteoblasts and 

adipocytes are both derived from mesenchymal stem cells (Caplan 1991). By 

changing the fate of osteoprogenitor cells, GCs effectively reduce the pool of cells 

that can become mature, differentiated osteoblasts and bone marrow stromal cells 

are instead directed along the adipogenesis pathway (Chen et al. 2016). This has 

been shown to occur via the transactivation of C/EBP in murine stromal cells (Pereira 

et al. 2002), which increases expression of PPARγ2 and suppresses expression of 

Runx2 (Canalis et al. 2004, 2007). GCs may, therefore, increase bone marrow 

adipose tissue at the expense of mature osteoblasts and cancellous bone (Weinstein 

et al. 2000). Outside of bone, GCs also promote pre-adipocyte conversion to mature 

adipocytes and thus cause hyperplasia of adipose tissue. A 2-fold increase in 

cancellous adipocyte area in GC-treated mice compared to placebo has been 

reported, alongside a significant increase in adipocyte production in bone marrow 

cultures (Weinstein et al. 2000). The precise mechanisms underlying the reduction in 

osteoblastogenesis that occurs upon GC administration is unclear, however, it is 

known that GCs cause suppression of bone anabolic factors such as BMPs (Pereira 

et al. 2002), osteoblast-specific factor 2, IGF-1 (Clemmons, 2018) and transforming 

growth factor beta (TGF-b) which activate osteoblastic transcription factors such as 

Runx2 and b-catenin. In cultured human osteoblasts, exogenous GC administration 
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also results in suppression of the canonical Wnt-b-catenin signalling pathway which 

can prevent osteoblast apoptosis and encourages progression through the osteoblast 

cell cycle and thus proliferation (Ohnaka et al. 2005).  Furthermore, murine GC 

exposure has been shown to upregulate sclerostin gene expression, which 

antagonises Wnt stimulation of osteoblast differentiation and thereby inhibiting bone 

formation (Yao et al. 2016). Using a transgenic mouse line, GCs have also been 

shown to suppress interleukin 11 expression, which further inhibits osteoblast 

differentiation (Rauch et al. 2010). As well as inhibiting osteoblast differentiation, GCs 

also prevent bone matrix synthesis by inhibiting osteoblast-driven synthesis of type I 

collagen and osteocalcin (Canalis 2005). GC administration to mice has also been 

shown to induce osteoblast apoptosis and suppress terminal differentiation 

(Weinstein et al. 1998).  

 

1.5.3 Effects of GC on osteoclasts and osteocytes 
Osteoclasts are derived from haematopoietic stem cells and resorb bone by creating 

an acidic environment and producing collagen-degrading enzymes such as cathepsin 

K and matrix metalloproteinases (Delaissé et al. 2003). GCs exert an early direct 

effect on osteoclasts by increasing both their number and activity, with a 

corresponding increase in bone resorption, seen after only 7 days of GC treatment in 

mice (Jia et al. 2006). Intriguingly, this overall increase in osteoclast number occurs 

despite a reduction in osteoclast production in the bone marrow, suggesting that GC 

treatment increases the lifespan of pre-existing osteoclasts (Weinstein et al. 2002). 

However, the longer term role of the osteoclast in GIO remains controversial; despite 

an initial increase in bone resorption, prolonged GC excess appears to suppress 

osteoclast number and function. For example,  after 4 weeks of prednisolone 

treatment in mice, bone resorption fell to or below normal levels (Weinstein et al. 

1998). GCs also directly block the induction of cytoskeletal changes in the osteoclast 

required for the resorptive capabilities of the cell (Kim et al. 2007). There is also 

evidence that GCs suppress the proliferation of osteoclast precursors (Kim et al. 

2006).  However, GCs also cause an increase in RANKL (Hofbauer et al. 2009), which 

is produced by both osteoblasts and osteocytes  
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Figure 1-4 Glucocorticoid-induced mechanisms of GIO
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(Nakashima et al. 2011, Xiong et al. 2011) and down-regulation of OPG. This skews 

the RANKL:OPG ratio towards osteoclastogenesis. Overall, the long-term  effect of 

exogenous GCs on osteoclastogenesis still requires clarification but it appears that 

the osteoblast is the main target of exogenous GCs. 

 

Osteocytes are terminally differentiated osteoblasts that play an important role in the 

repair of bone micro-damage (Rochefort et al. 2010). GCs alter the osteocyte-

canalicular network by changing the elastic modulus surrounding the lacunae of 

osteocytes resulting in reduced mineralisation (Lane et al. 2006). Autophagy may be 

responsible for these observed localised osteocyte peri-lacunar changes, occurring 

as a self-protection mechanism during GC treatment  (Xia et al. 2010). High dose GC 

therapy in several animal models and humans has also been shown to induce 

osteocyte apoptosis (Zalavras et al. 2003). 

 

1.6 Glucocorticoid-induced growth retardation 
The growth-suppressing effects of GCs are multifactorial and result from both 

systemic and local actions. The GH/IGF-1 axis is the main determinant of postnatal 

longitudinal growth and GH and IGF-1 have interdependent roles in growth regulation, 

see Section 1.2. The rate of longitudinal bone growth is principally controlled through 

the regulation of chondrocyte proliferation, differentiation and hypertrophy at the GP 

(Wong et al. 2016). GH promotes chondrocyte differentiation, the secretion of IGF-1 

by liver cells and the amplification of local IGF-1 synthesis by chondrocytes, which 

induces clonal expansion of chondrocyte columns within the GP (Zezulak et al. 1986).  

 

GCs affect the expression at multiple levels of the GH/IGF-1 axis (Price et al. 1992, 

Jux et al. 1998, Klaus et al. 2000, Smink et al. 2002). Seven days of dexamethasone 

treatment in pre-pubertal mice reduced Igf-1 gene expression throughout 

chondrocytes in all phases within the GP (Smink et al. 2003) as well as causing a 

significant increase in the number of apoptotic cells within the hypertrophic zone. 
Different mechanisms of GC-induced apoptosis have been proposed such as 

activation of caspase-3 and suppression of Bcl-2 (Chrysis et al. 2003, Espina et al. 

2008). GCs also reduce IGF-1 and GH receptor expression by chondrocytes (Jux et 

al. 1998). In addition, they impair IGF-1 signalling, mainly via the PI3K pathway within 
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the GP. Furthermore, GCs suppress prostaglandin E2 synthesis (Harada et al. 1995) 

as well as VEGF expression in chondrocytes, thus preventing blood vessel invasion 

of the ossification centre, which is crucial for degradation of the ECM and subsequent 

ossification and growth (Smink et al. 2003). The intrinsic effect of GCs on the mouse 

GP was evident when the local infusion of dexamethasone significantly reduced tibial 

growth compared to the contralateral limb (Baron et al. 1992). GCs also act 

systemically to inhibit the pulsatile secretion of GH from the anterior pituitary gland by 

increasing somatostatin tone (Mazziotti et al. 2013). 

 

1.7 Glucocorticoid-induced osteoporosis in DMD 
As quality of life and survival rates continue to improve in DMD as a result of advances 

in supportive care and treatment options, bone health has become an increasingly 

important issue in DMD (Buckner et al. 2015, Wong et al. 2019) . The presence of, 

and risk factors for, osteoporosis and fractures in this population have been well 

documented (Larson & Henderson 2000; King et al. 2007; McAdam et al. 2012; 

Joseph et al. 2019) and the recently updated standards of care for DMD include 

comprehensive information for the monitoring of bone health (Birnkrant et al. 2018). 

Bone pain and fractures (both long bone and vertebral) are common, frequently occur 

after minimal or no trauma and can be very challenging to manage (Birnkrant et al. 

2018).  

 

Specific data regarding the effects of GC on the growing skeleton in DMD is 

conflicting; GC use appears to be a definite risk factor for vertebral fractures (Bothwell 

et al. 2003, King et al. 2007) but data is not as compelling for long bone fractures. For 

example, one study found that the percentage of boys who sustained long bone 

fractures was similar in both GC treated or untreated cohorts. There were no details 

regarding steroid regimens, however, and much of the available data pre-dates the 

routine use of daily GC and therefore is not applicable to the contemporary population 

(McDonald et al. 2012). One Canadian study of DMD patients treated with daily 

deflazacort found that 25% had suffered a long bone fracture, 19% had a vertebral 

fracture (VF) and lumbar spine Z-scores declined with increasing GC treatment 

duration (McAdam et al. 2012). Symptomatic vertebral compression fractures have 

been described in 32% of DMD boys on long-term daily GC (King et al. 2007) but 

other data using modelling (Bothwell et al. 2003) predicts that by 100 months of high 
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dose daily GC therapy as many as 75% would have at least one VF. The recently 

published retrospective study which analysed 91 boys treated within the Scottish 

Muscle Network found the probability of developing a first symptomatic fracture 

(including VF) was 50% after 6.5 years of GC exposure (Joseph et al. 2019). This is 

still likely to be an underestimate of the true fracture rate, because only symptomatic 

VF were included and many boys were using 10 days on/off regimens. If routine spinal 

imaging was carried out, it is likely that the true incidence of VF would be much higher. 

It was previously thought that deflazacort, a derivate of prednisolone, may have less 

adverse effects on bone metabolism than prednisolone (Loftus et al. 1991, 

Krogsgaard et al. 1996) but on further examination of the studies that suggested this, 

it appears that due to an error in calculating relative potencies, non-equivalent doses 

were used, and more recent studies have failed to demonstrate a bone-sparing effect 

of deflazacort (Mayo et al. 2012).  

 

1.8 Additional factors affecting bone strength in DMD 
It is clear that boys with DMD are more susceptible to fractures than an equivalent 

healthy population, whether or not they are on steroids; an older retrospective study 

that was carried out before GC became standard of care found that 44% of steroid-

naïve DMD boys had sustained a fracture (Larson et al. 2000). This suggests that 

reduced bone mass in DMD is a result of other factors in addition to chronic GC use.  

Reduced mobility, and in particular loss of ambulation, is also an established risk 

factor for bone density and fracture risk (James et al. 2015). The prevalence of vitamin 

D deficiency and insufficiency are also high in DMD and may contribute further 

(Alshaikh et al. 2016).  Another study combining both in-vivo and clinical data has 

also suggested that there may be an abnormality of osteoblast function (Rufo et al. 

2011). These will be discussed in further detail in chapter 4.  
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Figure 1-5 Mechanisms of GC- induced growth retardation
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1.9 Growth failure in DMD 
Short stature is a common feature of boys with DMD even in those who are not treated 

with GC (Rapaport et al. 1991; Matsumoto et al. 2017), which further exacerbates the 

problems caused by reduced growth velocity associated with delayed puberty. In one 

study of boys with DMD, short stature was seen as a major concern and induced 

psychological problems including depression in the boys studied (Merlini et al. 2012). 

For many parents the stress caused by psychosocial aspects of the child exceeds the 

stress caused by the physical aspects of the disease (Nereo et al. 2003). Typically, 

boys with DMD appear to have a slower than expected growth velocity during the first 

years of life and then continue to grow along their lower centile during childhood and 

adolescence (Eiholzer et al. 1988). By the age of 18 years, most with DMD fall below 

the 5th centile (McDonald et al. 1995). The aetiology of this growth failure is unclear, 

although several mechanisms have been suggested. Studies in the canine x-linked 

muscular dystrophy model have suggested that the early poor growth coincides with 

a period of extreme muscle necrosis and regeneration, which may therefore reflect 

increased metabolic activity (Rapisarda et al. 1995). Low levels of physical activity 

and associated reduced bone loading and lower bone turnover may also contribute 

(Nagel et al. 1999). Genetic mechanisms including deletions of the SHOX gene, 

located near to Xp21, or an abnormal response of dystrophic muscle to endogenous 

GH may also be responsible (Messina et al. 2008). Primary GH deficiency is unlikely 

to be the cause, however, as a study of 34 patients with DMD confirmed that GH 

secretion was essentially normal (Nagel et al. 1999). There also appears to be a 

variable growth phenotype within DMD, with patients who have a distal deletion within 

the DMD gene having a higher frequency of short stature (Sarrazin et al. 2014; 

Matsumoto et al. 2017), suggesting that a dystrophin-specific mechanism may also 

be involved in the aetiology.  

 

1.9.1 GC-induced growth failure in DMD 

Growth retardation is an almost inevitable side effect of GC therapy and height 

velocity in DMD is slowed considerably after starting GC. In a study looking at the 

growth suppressive effect of long-term deflazacort treatment in DMD, the treated boys 

were on average 21cm smaller by 15 years old, compared to those untreated (Biggar 

et al. 2006). The extent of GC-induced growth failure appears to depend on age at 

initiation, dose and frequency (Allen 1996). Some boys are on daily regimens, whilst 
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others are on intermittent dosing schedules. Despite it being 30 years since the 

benefit of GC was first demonstrated, one of the major obstacles to standardisation 

of care in DMD remains the lack of consensus regarding the risk/benefit ratio of 

different GC regimens. ‘Finding the optimal steroid regimen for Duchenne Muscular 

Dystrophy’ (www.for-dmd.org) is a double-blinded, placebo-controlled randomised 

controlled trial that will compare daily versus intermittent (10 days on/10 days off) 

dosing and prednisolone versus deflazacort regimens. This trial will allow a balanced 

look at the tolerability, efficacy and long-term side-effects of different steroid protocols 

(Bushby et al. 2011). This will hopefully help to determine the impact of different GC 

regimens and height on functional outcomes. 

 

It is possible that there is a mechanical advantage to being short (Zatz et al. 1988; 

Biggar et al. 2006) in DMD and that shorter stature may preserve ambulation through 

associated biomechanical effects on gait (Ricotti et al. 2013). However, growth in 

children with DMD occurs alongside muscle destruction, and there is a clear 

interaction between height and GC use, so it is very difficult to tease out the causal 

relationship. For example, short stature might be an indicator that GC are having a 

positive effect on disease ameliorating mechanisms (Bodor et al. 2013). At the other 

extreme it is unclear whether very short stature (and often an excessively increased 

BMI) may have a detrimental effect on motor outcomes. In the meantime, the 

adolescents themselves clearly express a preference to be taller and we would expect 

the potential disadvantage of increased height gained during the pubertal growth spurt 

on motor function to be outweighed by the advantages of increased muscle mass and 

bone mineralisation.  

 

The timing of onset of GC therapy is also important for both efficacy and side-effect 

profile. DMD clinical guidelines advise commencing steroid therapy as soon as 

possible after diagnosis and early data suggests improved outcomes if steroid therapy 

is commenced between the ages of 4-6 years, when motor skills begin to plateau, as 

GC do not appear to bring back lost function (Bushby et al. 2010, McDonald et al. 

2012). Data shows that many boys who start GC early are still ambulant beyond16 

years of age, by which time they will have been on GC for over 10 years. Studies in 

other chronic diseases such as cystic fibrosis have found that the younger the onset 
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of GC therapy, the lower the final height z-score after discontinuation of therapy (Lai 

et al. 2000). 

 

1.10 Current bone treatment strategies in DMD 
There are very limited treatment strategies currently available for the treatment of 

short stature and osteoporosis in DMD. The impaired osteoblast function described 

in both x-linked muscular dystrophy (mdx) mice and patients with DMD (Rufo et al. 

2011) suggest that an anabolic treatment would be optimal, but there are no current 

options clinically available. A recent Cochrane review (Bell et al. 2017) concluded 

that, “We know of no evidence from high-quality randomised controlled trials (RCTs) 

about the efficacy of interventions to prevent or treat corticosteroid-induced 

osteoporosis and prevent osteoporotic fragility fractures in DMD in children and 

adults..”  

 

The next section focuses on some of the therapies that are currently in use, with 

examples highlighting their use in DMD: 

 

Bisphosphonates  
There is limited evidence for the use of anti-resorptive bisphosphonates (BP) in DMD 

and their use varies by centre; some advocate prophylactic BP use while in other 

institutions they are reserved for the treatment of fractures and there is no consensus 

regarding timing of initiation, drug regimen or cessation of treatment (Wood et al. 

2016). To the best of knowledge, no study to date has investigated any intervention 

to prevent the first fracture in DMD. The efficacy of BP therapy on BMD appears to 

depend on the age at time of treatment and the amount of bone growth remaining 

(Brumsen et al. 1997). Generally, they appear to be a safe and effective therapy in 

cases of severe bone loss, although the long-term effect of inhibition of bone turnover 

remains unknown. Osteonecrosis of the jaw and atypical femoral fractures are rare, 

but potentially serious adverse events that may be related to longer-term exposure to 

BPs, although there is currently insufficient evidence to suggest a causal relationship 

and they have never been reported in a child ( Kwek et al. 2008; Girgis et al. 2010; 

Hennedige et al. 2013). Prophylactic BP in DMD in those receiving GC has been 

reported to be associated with increased survival (Gordon et al. 2011) but evidence 

from this study should be interpreted with caution as it was a retrospective review of 
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only 16 patients, 12 of whom were on intravenous BP.  Although BPs are frequently 

used to treat osteoporosis in DMD, they do not primarily affect osteoblast function and 

their use does not prevent the development of new VF (Rauch et al. 2002). One study 

used intravenous BP therapy to treat VF in DMD and found that it was associated with 

an improvement in back pain and stabilisation or increase in vertebral height ratios of 

previous VF, but that it did not completely prevent the development of new VF 

(Sbrocchi et al. 2012). However, a retrospective review of patients in the John Walton 

Muscular Dystrophy Research Centre (JWMDRC) in Newcastle treated with 

risedronate for a mean of 3.6 years showed significantly less VF in the treated cohort 

compared to a control group (Srinivasan et al. 2016). The lumbar spine (age and size 

adjusted) BMD Z-scores also remained unchanged in treated patients, and were 

significantly greater than in the untreated cohort. Recent work utilizing trans-iliac 

biopsy samples however, suggests that caution needs to be taken before prophylactic 

BPs are used, particularly in a condition such as DMD, where there are additional risk 

factors for ongoing bone turnover suppression including myopathy and GC use  (Misof 

et al. 2016). They found that bone turnover was already low before the initiation of 

BPs and then as expected, the anti-resorptive BP treatment decreased bone 

formation indices further. An unexpected drop in trabecular bone volume, however, 

was also noted and unlike in osteogenesis imperfecta, no structural improvements 

were seen.  

In view of the risk of fracture in DMD children and the impact of fracture on health and 

long term mobility, prophylactic use of BPs may therefore be beneficial, but the method 

of administration and when to start, stop or pause treatment remains unclear. Before 

deciding about prophylactic BP use, the potential risks must be weighed up against 

the benefits. It is likely that BPs are effective in the initial period of GC-induced bone 

loss when there is increased bone remodelling but become less responsive as 

osteoclast function reduces with prolonged treatment and bone remodelling ceases. 

After this time, BPs may further dampen bone remodelling and instead compromise 

skeletal quality, predisposing to fracture.  

 

Parathyroid hormone 
High levels of parathyroid hormone (PTH) stimulate osteoclastic bone resorption but 

intermittent low dose PTH can stimulate osteoblast function by increasing 

prostaglandin E2 and TGF-b release from bone (Girotra et al. 2007). This could 
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therefore be a useful anabolic agent to counteract the adverse effects of GCs in 

osteoblasts and has been shown to be effective in mdx mice (Gray et al. 2012, Yoon 

et al. 2019). However, recombinant PTH treatment using teriparatide requires daily 

subcutaneous injections and is currently contraindicated and has a ‘black box’ 

warning in those with open epiphyses. Its use is also limited to 2 years duration in 

adults  because of cases of osteosarcoma seen in some strains of rat when high 

doses were given (Elraiyah et al. 2015). 

 
Testosterone  
The use of testosterone therapy in DMD has recently been reviewed by our team at 

the JWMDRC (Wood et al. 2015) and there are currently no data available regarding 

the effects of testosterone on bone density in those on chronic GC treatment. 

Testosterone appears to be well tolerated in adolescents with DMD but our evaluation 

of practice found that neither growth nor pubertal developmental were optimal and 

few subjects had adult endogenous testosterone levels post-treatment. There 

remains much variability in clinical practice regarding whether oral, topical or 

intramuscular preparations are used, and the age at initiation and duration of 

treatment vary greatly by centre. We are currently running a clinical trial to determine 

the efficacy of a 2-year incremental regimen of intramuscular testosterone in 

adolescents with DMD and delayed puberty (NCT02571205). The importance of 

testosterone in the maintenance of muscle mass as well as bone density is critical, 

and testosterone supplementation should be considered when hypogonadism is 

present in adults with muscular dystrophies.  

 

Vitamin D and calcium 
There are multiple risk factors and evidence for vitamin D deficiency in this population 

as discussed above and so vitamin D supplementation should routinely be 

recommended to all patients with a muscular dystrophy. Whilst an adequate dietary 

calcium is required to satisfy reference intake levels, there is no evidence in the DMD 

population to indicate that additional calcium will have a beneficial impact on bone 

health. Patients with DMD are at risk of hypercalciuria and additional calcium may 

simply increase susceptibility to nephrocalcinosis (Braat et al. 2015). 
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1.11 The role of GH and IGF-1 in DMD 
Chronic GC use interferes with the IGF-1/GH axis, both at a systemic level and within 

the bone and GP itself. GC cause a reduction in pituitary GH secretion via an increase 

in hypothalamic somatostatin (Barkan et al. 2000) tone and increased peripheral IGF-

1 and GH resistance. There is only one published case-series describing the use of 

GH for treatment of short stature in DMD. A retrospective review was carried out on 

39 boys who were treated with GH for severe steroid-induced growth failure (Rutter 

et al. 2012). An improvement in growth velocity from a mean of 1.5 cm/year to 5.2 

cm/year was observed and an increase in lean body mass. Importantly there was no 

associated deterioration in muscle or cardiopulmonary function. The effect of GH on 

bone density, however was not evaluated.  GH also has anabolic effects in normal 

skeletal muscle, but there has been some anecdotal concern that it may speed up 

disease progression in DMD; one case report showed that a patient with DMD and 

GH deficiency had a slower than expected disease course and a small case-series 

showed that low levels of GH can occur in DMD, without an impact on clinical course 

(Merlini et al. 1988). However, the more recent retrospective review of GH therapy 

did not show a deleterious effect on muscle function and a well-designed, older trial 

of mazindol, a GH inhibitor, did not show any beneficial effect on muscle function 

(Griggs et al. 1990). Three of the boys in Rutter’s study suffered adverse events, one 

developed benign intracranial hypertension and two, insulin resistance.  He concluded 

that treatment with GH for short stature in DMD could be considered, alongside 

careful monitoring for the development of side-effects. A randomized controlled trial 

designed to look at the effects of GH on cardiac function in a series of patients with 

Duchenne and Becker muscular dystrophy also evaluated skeletal muscle function as 

a secondary outcome measure (Cittadini et al. 2003). Seven out of the sixteen 

patients showed low initial IGF-1 levels. After treatment with GH, no significant 

differences were seen in muscle function between the treatment and placebo groups.   

 

IGF-1 is currently approved for use in the treatment of short stature associated with 

severe IGF-1 deficiency (Bucuvalas et al. 2001, Backeljauw et al. 2013). Injections of 

recombinant human (rh)IGF-1 are currently approved for use in the treatment of short 

stature associated with severe primary IGF-1 deficiency. Although there is very little 

clinical evidence for the use of rhIGF-1 in DMD, there is currently a pilot, phase 2 

clinical study in progress to look at the effect of IGF-1 on muscle function and growth 
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rate in DMD. Interim analysis suggests that height gain was greater in the IGF-1 group 

compared to the controls, with doubled height velocity in the treated group compared 

to controls and only mild adverse events that were felt to be unrelated (Rutter et al. 

2013). Markers of insulin resistance also improved but there were no difference in 

functional motor outcomes. IGF may therefore show future promise in the treatment 

of short stature in DMD. It is likely that the difficulty getting hold of clinical grade 

recombinant IGF1 has prevented further studies up until now.  

In pre-clinical studies, administration of rhIGF-1 to dystrophic mice increased muscle 

contraction force and enhanced the fatigue resistance of respiratory muscles 

(Gregorevic et al. 2004), while transgenic over expression of IGF-1 in dystrophic mice 

led to increased muscle fibre size and number (Barton et al. 2002) and a reduction in 

myofiber necrosis during the acute period of muscle necrosis (Shavlakadze et al. 

2004). Growth and skeletal development were not investigated in these studies. 

 

1.11.1 Rationale for Combined IGF-1 and GH use 

There is a complex interplay between the actions of GH and IGF1 and co-

administration of GH and IGF-1 may prove synergistic for several reasons.  Higher 

serum IGF-1 levels are achieved with a combination treatment of GH and IGF-1 than 

with either GH or IGF-1 alone; co-administration influences the half-life, clearance and 

distribution volume of IGF-1 (Janssen 2009) and the feedback of IGF-1 on pituitary 

GH secretion. Increased IGFBP concentrations also result, which leads to higher 

levels of ternary complex formation and a more stable circulating IGF pool and thus 

higher effective IGF-1 tissue concentrations. Improving tissue IGF1 levels may in fact 

be more important than increasing serum IGF1 concentrations. IGF-1 may be also be 

stimulated by other factors (independently from GH) and exert direct actions on 

tissues. It has also been reported that only GH and IGF1 in combination can bypass 

the acquired partial GH resistance caused by GC (Janssen 2009). Similarly, a recent 

study showed that GH treatment did not increase muscle mass in mice that lacked 

IGF-1 receptor function (Kim et al. 2005). Further pre-clinical data suggests that 

increases in GH can increase the percentage of type1:2 muscle fibre types; skeletal 

muscle-specific removal of GHR changed fibre type (decreased the proportion of type 

I fibres and increased the proportion of type II fibres) and resulted in decreased grip 

strength (Mavalli et al. 2010). Kupfer and colleagues showed that GH and IGF-1 

together reversed insulin-suppressive effects and had anti-catabolic effects on 
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muscle mass in calorie-restricted adults (Kupfer et al. 1993). A recent study using 

rhGH in combination with rhIGF-1 for the first time in children with low IGF-1 levels 

and GH sufficiency also showed that co-administration significantly accelerated linear 

growth compared with rhGH alone (Backeljauw et al. 2015). The combination of GH 

and IGF-1 probably also counteracts disadvantageous effects on glucose metabolism 

of either GH alone or IGF-1 alone. Although serum IGF-1 levels in high-normal range 

have been associated with increased risk of prostate, breast and colorectal cancer, 

this is unlikely to cause significant clinical concern in DMD.  

 

Given that both rhGH and rhIGF-1 are licensed for use in children with growth 

disorders and in light of data from children and adults with chronic inflammation 

(Bucuvalas et al. 2001, Mauras et al. 2002), there is potential for these anabolic 

agents to improve growth potential, muscle strength and bone mass, which are 

fundamental problems in patients with DMD. However, before using these 

pharmacological agents for this purpose, an improved understanding of (1) their 

effects on linear growth and bone mass, and (2) the underlying mechanisms through 

which they exert their effects on bone, is imperative.   

 

1.12 Murine models of Duchenne muscular dystrophy 
Animal models of DMD form an integral part of pre-clinical research and are critical 

for understanding the underlying mechanism of disease. It is essential that an animal 

model mirrors the underlying genetic defect, disease severity and progression as 

closely as possible to the clinical scenario and allows a reliable prediction of the 

response to a given therapeutic intervention in humans (Willmann et al. 2009). The 

model should ideally also be well characterised and easy to obtain and maintain, and 

have a reproducible disease course. Mice are commonly used as animal models 

because they are relatively easy and cost-effective (with an accelerated lifespan of 

1:30 years) to maintain and share more than 95% of the human genome but can be 

readily genetically manipulated to simulate specific human diseases. It is also 

possible to control for the variability found in humans and carry out experiments that 

would be ethically impossible in humans. In this project, the bone and growth 

phenotype of three different murine models of muscular dystrophy will be compared.  
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1.12.1 The muscular dystrophy x-linked (mdx) mouse 

The muscular dystrophy x-linked (mdx) mouse is the most commonly used and best 

characterised animal model of DMD.  More than 8000 papers have been published 

since a naturally occurring dystrophin-deficient mouse was first reported in 1984 in a 

colony of C57BL10 mice (Bulfield et al. 1984). The mdx mouse carries a point 

mutation in exon 23 of the mouse dystrophin gene introducing a premature stop 

codon, which leads to the absence of full-length dystrophin (Figure 1-6). This type of 

mutation accounts for approximately one third of the mutations found in DMD patients. 

The lifespan of mdx mice is reduced by approximately 20% compared to their wildtype 

(WT) controls.  

 

• Muscle weakness in the mdx 

Early reports regarding muscle function in the mdx mouse are conflicting. One study 

suggested that there is an early period, between the end of the second and up to the 

fifth week of life, when mdx mice experience extreme weakness (Muntoni et al. 1993). 

After this critical period, both spontaneous motility and endurance of mdx mice, 

although lower than those of controls, did not show statistically significant differences 

up to 6 months-of-age. Later on, during development, mdx mice were seen to adapt 

and did not show detectable in vivo functional muscle impairment up to 6 months-of-

age. By contrast, the earliest reports suggested that at 3 weeks of age, muscle 

histology shows atrophy with loss of normal muscle fibres but that regeneration occurs 

by 8 weeks-of-age and that there is no co-existing clinical disease (Bulfield et al. 

1984). By 12 months-of-age muscular tremors and mild incoordination were 

described. More recent studies have shown no early signs of clinical deterioration. 

One report indicated that mdx mice have minimal clinical symptoms and their lifespan 

is only reduced by 19%, to an average of 21.5 months (Chamberlain et al. 2007) whilst 

another found no difference in force contraction compared to C57BL10 control mice 

at 7 weeks-of-age (Coley et al. 2016) but decreased grip strength by 24 weeks-of-age 

with no signs of cardiomyopathy by 28 weeks-of-age. These latter reports are 

consistent with many other studies which have not examined the mice during the early 

period but have found that the severe dystrophic phenotypes, such as muscle 

wasting, scoliosis and heart failure, do not occur until mice are 15 months-of-age or 

older (Lefaucheur et al. 1995). 
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Figure 1-6 shows the DNA sequence position of the main dystrophin domains and 

the location of the stop mutation at exon 23 in the mdx mouse which results in an 

absence of functional dystrophin production and leads to the development of DMD 

(Modified from (McGreevy et al., 2015).  
 

 

• Growth in the mdx 

The growth phenotype of the mdx model has not been studied in detail but the 

phenotype appears to be mild (Connolly et al. 2001). A study investigating energy 

expenditure in mdx mice found that overall growth was blunted in juvenile mdx mice, 

with bodyweight and femur and tibia length being significantly shorter at 4-5 weeks 

old, but by adulthood (14 weeks) no significant difference was demonstrated between 

mdx and WT mice (Radley-Crabb et al. 2014). They found that fat free mass was less 

and whole body protein breakdown was 35% higher in mdx juveniles and proposed 

that their diet did not satisfy their metabolic or protein: energy requirements. The 

observed gain in overall body size was attributed to muscle hypertrophy and fibrosis. 

In keeping with this, total 24 hour activity was reduced by 50% in juvenile mice, but 

there was less difference in activity seen in adult mice. Another study also showed no 

significant difference in femur length between the mdx and WT mice at 3 weeks-of-

age suggesting that there is no significant growth retardation in young mdx mice 

(Nakagaki et al. 2011). 

 

 

Exon 23

WT     5’ TTG AAA GAG CAA CAA AAT GGC 3’

Mdx 5’ TTG AAA GAG CAA TAA AAT GGC 3’
STOP 
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• Bone phenotype in the mdx 

There are conflicting data regarding the bone phenotype in the mdx mouse and unlike 

in patients with DMD where bone strength decreases with advancing age, the 

converse appears true in mdx mice. In one study, osteopenia and reduced strength 

were seen in the femur of 3-week old mdx mice in the absence of muscle 

degeneration suggesting primary skeletal fragility (Nakagaki et al. 2011). Another  

showed that at 7 weeks, the mdx mouse displays compromised bone structure and 

function compared to WT mice and giving GC further reduces bone strength and 

structure (Novotny et al. 2011). In keeping with this, Anderson demonstrated lower 

cortical parameters in mdx mice at both 4 and 12 weeks-of-age, with some signs of 

recovery by 18 weeks-of-age (Anderson et al. 1993). This is in keeping with the period 

of acute muscle necrosis observed in the mdx mouse at 3-4 weeks-of-age followed 

by subsequent regeneration up until approximately 20 months-of-age, after which 

time the regenerative capacity reduces due to a gradual decline in muscle satellite 

cell number (Nakagaki et al. 2011). However several other studies have shown either 

no bone phenotype at a young age or results that are limited to a specific bone 

parameter, ( 

 

Table 1-1), (Isaac et al. 2013, Gao et al. 2019). One study found that femoral BMD 

was actually higher in the mdx mouse compared to WT, but only female mice were 

used and their outcome measure was dual xray absorptiometry (DXA) which is less 

sensitive than micro computed tomography (µCT) (Montgomery et al. 2005). Their 

differences also disappeared after adjusting for body mass.  

 

• Limitations of the mdx  

The mdx mouse has clear limitations as a model for DMD in humans. Firstly, the 

phenotype appears to be age-dependent. The mdx mouse demonstrates acute 

muscle necrosis by 3 weeks-of-age, but subsequent muscle regeneration then occurs 

and the subsequent life span of the mdx is nearly normal (reduced by 25% compared 

to 75% reduction in DMD) (Chamberlain et al. 2007). Secondly, the phenotype is 

much less severe (Bulfield et al. 1984, Muntoni et al. 1993). In stark contrast to the 

relentless decline in muscle function seen in children with DMD, the muscle force of 

adult mdx limb muscles are similar to unaffected WT control mice (Lynch et al. 2001, 

Muller et al. 2001). It is unclear whether there is a compensatory mechanism (such 
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as utrophin upregulation) to account for this, or whether the muscle sparing is due to 

a species-dependent mechanism, such as the replicative potential of murine satellite 

cells (Helliwell et al. 1992). Indeed, few medications that have shown therapeutic 

benefit in the mdx have also shown efficacy in DMD clinical trials (Fairclough et al. 

2011). Therefore, there is clearly a need for a more appropriate pre-clinical model.  

 

1.12.2 The mdx:utr mouse 

Recent studies suggest that utrophin heterozygous: mdx mice might represent an 

intermediate model between the extreme double utrophin knockout: mdx mouse and 

the more mildly affected mdx mouse (Zhou et al. 2008).  Utrophin is an autosomal 

homologue to dystrophin. It is thought that upregulation of utrophin expression in the 

mdx mouse may compensate for the lack of dystrophin and account for the less 

severe phenotype compared to DMD (Deconinck et al. 1997). It is possible that 

utrophin compensates for the loss of dystrophin more effectively in mice than humans 

and it is currently being used in a current clinical trial as a potential therapeutic 

intervention (Ricotti et al. 2016). The homozygous double knockout, the mdx:utr-/- 

mouse has severe muscle weakness, significant growth retardation, joint contractures 

and cardiomyopathy (Isaac et al. 2013, Gao et al. 2019). However, premature death 

usually occurs between 6 and 20 weeks and colonies are very difficult to maintain.  

The heterozygous mdx:utr +/- mouse therefore represents a potential compromise with 

an intermediate phenotype between that of the fatal homozygous utrn-/-mdx  and the 

less severe mdx mouse (Mcdonald et al. 2015).  

 

• Muscle weakness in the mdx:utr+/- mouse 

There is limited literature regarding the mdx:utr +/- mouse.  Lifespan seems to be more 

than 1 year with fibrosis becoming evident at differing time-points from 8 weeks-of-

age (Gutpell et al. 2015) to 6 months-of-age (Zhou et al. 2008). These studies, 

however, did not conduct any measures of behaviour or grip strength. One study 

suggested that respiratory function impairment of the mdx:utr +/- mouse was worse 

than the mdx mouse but that the mice have a near normal lifespan (Huang et al. 

2011). By 1 month-of-age, the grip duration of the triceps had decreased and 

persisted throughout the first year, but otherwise muscle function in the mdx:utr +/- was 

not found to be significantly affected. A further study showed that the mdx:utr+/- mouse 
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had a shorter latency to fall time in the grip strength test at 3 months-of-age, but that 

the difference had disappeared by 18 months-of-age (Mcdonald et al. 2015).  

 

• Growth in the mdx:utr+/- mouse 

There are no published data on bone growth in the mdx:utr+/- mouse, only bodyweight, 

which is inaccurate as can be affected by many other factors rather than just bone 

growth.  

 

• Bone phenotype in the mdx:utr+/- mouse 

There is only one paper investigating the bone phenotype in the mdx:utr +/- mouse as 

part of a larger study. This showed that there was less collagen present in the 

metaphyseal bone of the mdx:utr+/- mouse compared to the mdx mouse (Isaac et al. 

2013).  
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Table 1-1 Summary of studies of bone properties in mdx mice showing no consistent bone phenotype. 

BV/TV: bone volume/tissue volume, vBMD: volumetric bone mineral density, Ct.Ar: cortical area, Ct.Th: cortical thickness, MS/BS: 

mineralising surface/bone surface, SMI: structural model index, Tb.Sp: trabecular spacing

Study Age studied 
(weeks) 

Sex Site Findings in mdx compared to WT 

Anderson et al 
(Anderson et al. 1993)  

4,12,18 No 
details 

Tibia Lower cortical parameters at 4 weeks and 12 weeks with some 
recovery by 18 weeks in mdx   

Gao et al                   
(Gao et al. 2019) 

4, 6 Both Tibia (Tb)  
Femur (Ct) 
Lumbar spine  

No significant differences in bone parameters at either age on µCT 
at any site (some heterotopic bone formation) 

Gray et al 
(Gray et al. 2012) 

10 Male Femur MS/BS of trabeculae and cortex + cortical area increased  
No difference in femoral length 

Montgomery et al 
(Montgomery et al. 2005) 

16 Female Femur 
Lumbar spine 

Higher femoral BMD  
Lumbar spine BMD similar  

Nakagaki et al  
(Nakagaki et al. 2011) 

3 Male Femur Reduction in Tb.Th & Ct. Th and cross- sectional area  

Novotny et al 
(Novotny et al. 2011) 

7, 104 Both Tibia Reduction in trabecular morphometry and mechanical functional 
properties 

Rufo et al 
(Rufo et al. 2011) 

26 Both Tibia 
Parietal bone 

Reduction in Ct.Ar, Ct.Th and trabecular BV/TV in tibia 
Increased osteoclast no, reduction in osteoblast number 

Yoon et al  
(Yoon et al. 2018) 

10 Male Femur 
Lumbar spine 

No difference in vBMD or cortical phenotype 
Reduced trabecular BV/TV and reduced SMI 

Yoon et al                 
(Yoon et al. 2019) 

10 Male Femur 
Lumbar spine 

Minimal effect on cortical bone- reduced periosteal perimeter only 
Reduced trabecular vBMD and BV/TV, increased Tb.Sp  
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• Limitations of the mdx:utr+/- mouse 
Mdx mice with an additional utrophin deletion do not genetically mirror patients with 

DMD because the muscles of patients with DMD do express utrophin. Despite the 

additional utrophin deletion the phenotype still seems less severe than the mdx 

mouse.  

 

1.12.3 The mdx:cmah-/- mouse  
An alternative model is the double mutant mdx:cmah-/- mouse, which carries a human-

like mutation in the mouse cytidine monophospho-N-acetylneuraminic acid 

hydroxylase (cmah) gene. During the evolution of humans, approximately 3 million 

years ago, an inactivating deletion was introduced in the human Cmah gene (Hedlund 

et al. 2007). Cytidine monophospho-N-acetylneuraminic acid hydroxylase is an 

enzyme found in the cytosol, and this mutation prevents synthesis of the common 

mammalian sialic acid, N-glycolylneuraminic acid in all human cells (Chou et al. 

1998). It is likely that this stemmed from natural selection. Because infectious agents 

such as viruses and bacteria often use host cell glycans as receptors, cell surface 

glycans are prone to alteration during natural selection, therefore creating the 

difference between mice and humans to prevent disease transmission (Rich et al. 

2000, Dankwa et al. 2016). Sialic acids are expressed on the ends of glycan 

structures. N-glycolneuraminic acid is not found in humans, but is in mice. Therefore, 

a human-like deletion introduced into the cmah gene in mice prevents hydroxylation 

of N-acetylneuraminic acid to N-glycolneuraminic acid (Hedlund et al. 2007). This is 

probably partly responsible for less constrained brain growth and makes humans less 

susceptible to some viruses like malaria, but also appears to cause a weakening of 

the sarcolemmal membrane and affects the integrity of skeletal muscle fibres (Chou 

et al. 1998, Okerblom et al. 2017).  

 

• Potential advantages of mdx:cmah-/- mouse 
To the best of knowledge, there is only one paper reporting the phenotype of the 

mdx:cmah-/- mouse (Chandrasekharan et al. 2010), referred to in this thesis as the 

mdx:cmah mouse, but it would appear that it is the most similar to DMD at the 

phenotypic and molecular level. Increased disease severity and reduced lifespan 

compared to the mdx mouse is described. Two mechanisms are postulated for the 

increased disease severity: 
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1. Lower levels and function of dystrophin-glycoprotein complex 

2. Metabolic accumulation of dietary N-glycolyneuraminic acid  (Neu5Gc), generation 

of Neu5Gc antibodies and deposition/activation of complement on muscle fibres.  

 

Studies carried out in the JWMDRC at Newcastle University have also demonstrated 

earlier cardiac dysfunction (Blain et al. 2018) and less constrained brain growth 

(unpublished data). This suggests that the mdx:cmah mouse may be a more 

appropriate model for DMD, but this requires further study. The early studies using 

the mdx:cmah may also implicate a direct role for sialic acids in muscle disease and 

further pre-clinical work is required to elucidate this.  

 

• Muscle weakness in the mdx:cmah-/- mouse 
The mdx:cmah mice showed a more severe phenotype than mdx mice 

(Chandrasekharan et al. 2010), with highly significant decreases in lifespan; almost 

half of all animals died by 11 months of age. They had increased necrotic foci by 3 

months of age in the heart and increased fibrosis by 6 weeks-of-age in the quadriceps. 

Muscle function tests were only carried out at 8 months-of-age. By this time, the 

mdx:cmah mice had impaired ambulation, showing a 70% reduction in the time they 

were able to walk on a constant speed rotorod for 5 minutes relative to mdx 

littermates. The mice also had reduced EDL force contractions.  

 

• Growth and bone phenotype of mdx:cmah-/- mice 
There are no published data describing either the growth or bone phenotype of the 

mdx:cmah mouse and establishing this knowledge will be essential if future studies 

of the mdx:cmah mice are to yield new insights into DMD. However, unpublished pilot 

data from the Newcastle University group has shown an adult mdx:cmah mouse with 

a marked scoliosis by 18 months of age when compared with both the mdx and WT 

mice (Figure 1-7). 
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1.13 Murine models of GC-induced growth retardation and GIO 
As part of this PhD project, animal models of both glucocorticoid-induced 

osteoporosis (GIO) and GC-induced growth retardation were reviewed (Wood et al. 

2018), with the aim of determining the most appropriate animal model to use when 

demonstrating the effects of GC on growth and bone structure (see Appendix VI). 

Data analysed in the review determined that there are currently no established and 

proven regimens for inducing both GIO and GC-induced growth failure in mice. 

Results were too heterogeneous to enable one specific model to be advocated over 

another in all situations. However, there was sufficient evidence to recommend that 

investigation of GC-induced growth retardation in mice can be performed using 

dexamethasone 2-5 mg/kg/day by daily SC injection. When investigating GIO, there 

was insufficient evidence to recommend one specific mode of delivery over another 

but in most studies a dose of prednisolone 2-5mg/kg/day in mice appeared to be 

sufficient. 

 

There are specific outcome measures that should be assessed when investigating 

either GIO or GC-induced growth retardation: growth outcome measures should 

include serial lengths (using consistent measuring technique) and/or GP height and 

bone formation rate (BFR); the measurement of body weight for assessing linear 

growth is too inaccurate. Recommended outcome measures for assessment of GIO 

include volumetric BMD (by peripheral quantitative CT or μCT rather than by DXA for 

greater accuracy) and bone biomechanical testing to mimic fracture rate in clinical 

studies. These recommendations have been taken into consideration when designing 

the methods for this study. 

 

Mice have been chosen as pre-clinical models of muscular dystrophy throughout this 

project, because they share more than 95% of the human genome and can be readily 

genetically manipulated to simulate specific human diseases. It is also possible to 

control for the variability found in humans and undertake experiments that would 

otherwise be impossible in humans.  They also have the added advantage of being 

relatively easy and cost-effective to maintain. The adult mammalian skeleton 

undergoes a continuous remodelling cycle and some of the early pre-clinical studies 

using different species failed to appreciate this. More recent work has shown that the 

mouse shows a similar pattern to human GIO, with an early phase of osteoclast 
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mediated bone resorption, followed by a more indolent phase of decreased 

osteoblastogenesis and bone formation (Yao et al. 2008). Unlike in humans however, 

bone acquisition and longitudinal bone growth continue in mice and rats after sexual 

maturity. In mice, whilst the highest growth phase is from weaning until sexual 

maturation, body weight continues to increase in the mouse up to the end of the 52nd 

week and long bone growth continues slowly after puberty (Jilka 2013). A gradual 

decrease in trabecular number is also seen after 2 months of age (Glatt et al. 2007). 

As time constraints prevented the use of two different models in this project, it was 

decided to use peri-pubertal mice for this project to enable sufficient differences in 

bone parameters to be induced, without the mice being too young and small to tolerate 

daily injections.  

 

Prednisolone (or prednisone), methylprednisolone and dexamethasone are the most 

frequent synthetic GC used in osteoporosis animal models. Many studies 

implemented regular intramuscular, intraperitoneal or SC injections, but single 

implantation of slow release SC pellet or oral gavage were also used. In rats of the 

same strain and age, daily oral gavage of GCs over a 90 day period (Lin et al. 2014) 

led to similar adverse effects on bone (as assessed by histomorphometry and areal 

BMD) as thrice weekly subcutaneous injections of GC over 56 days (Iwamoto et al. 

2008). By contrast, a much shorter period of intervention was necessary to induce 

osteoporosis with daily injections (Ogoshi et al. 2008) or continuous infusion through 

SC implanted osmotic pumps (King et al. 1996). Daily injections are stressful for the 

animals, which may negatively influence the outcome and ethical regulations in some 

countries may not allow multiple repeated injections over a long time period. For 

example, the injection of vehicle alone caused a 3-fold increase in serum 

corticosterone levels in mice, compared to a 5-10 fold increase induced by an 

intraperitoneal injection of 10 mg corticosterone/kg body weight, 1 hour after injection 

(Herrmann et al. 2009). This technique of administration would also not be acceptable 

to most patients in the clinical trial setting. Micro-osmotic pumps were found to have 

a large variation in residual volumes 21 days after implantation. With a filling volume 

of 250 µl, residual volumes containing active drug ranged from 50 to 180 µl, which 

indicated major differences in the flow-rate of individual pumps (Herrmann et al. 

2009). SC insertion of slow release pellets containing corticosterone leads to more 

consistent drug levels as compared to subcutaneous injections of corticosterone. Oral 
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gavage seems to be less effective compared to daily injections or slow release 

subcutaneous pellets, but has the most translational relevance, as this would be the 

most accepted method of GC administration in the clinical setting. Whilst slow release 

pellet insertion may reduce unnecessary repetition of periodical injections over the 

study period their safety and efficacy needs further validation. 

 

1.14 Aims of this project 
 

The main goal of this project is to test the overall hypothesis that: 

 

 Mouse models of DMD have an intrinsic abnormality of linear growth and skeletal 

development that can be rescued by modulation of the GH/IGF-1 axis. 

 

Within this hypothesis, the main aims are to investigate: 

 

1. Growth and GP chondrogenesis in mdx, mdx:utr and mdx:cmah mouse 

models of DMD and compare them to WT mice. 

2. Bone development and mechanical properties in mdx, mdx:utr and mdx:cmah 

mouse models of DMD and compare them to WT mice. 

3. Growth response and bone development  of mdx and mdx:cmah mice 

following exposure to GCs and VBP-6, a GC-sparing agent.  

4. Growth response and bone development of mdx mice following treatment with 

a combination of GH and IGF-1. 
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Figure 1-7 Development of scoliosis in the aged mdx:cmah mouse:  

A) mdx:cmah  

B) mdx 

C) WT mouse, all at 18 months of age.  

Photos used with kind permission of Dr Emine Bagdatlioglu of Newcastle University.
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2 Materials and Methods 
 

2.1 Reagents and solutions 
All chemicals and reagents were provided by Sigma (Poole, UK) and laboratory 

consumables from Thermo Fisher (Cramlington, UK) unless otherwise stated. 

 

2.2 In vivo studies 
2.2.1 Colony establishment 

C57BL/10ScSn.mdx and C57BL/10ScSn-congenic utrophin/dystrophin double 

mutant strain (B10ScSn.utr/mdx) mice strains were obtained from the Jackson 

laboratory (Bar Harbour, ME, USA, https://www.jax.org/strain/019014 and 

https://www.jax.org/strain/001801) and quarantined whilst health screening was 

performed. The mdx:utr colony was maintained by breeding heterozygote mdx:utr+/- 

females with mdx males, to ensure that no double knockout utrophin mice were 

generated, as these are known to have a more severe phenotype and few survive 

beyond 18 weeks of age. Mice highlighted in yellow were used to breed next 

generation, those highlighted in green were used experimentally, where XYUu is a 

mdx:utr heterozygote (X denotes the mdx mutation and U the utr mutation): 

 

 
C57BL/10ScSnJ mice were also purchased from Jax to use as wildtype (WT) controls 

(https://www.jax.org/strain/000476). All mice were bred on the same genetic 

background to allow valid comparisons between muscular dystrophy models.  

Several generations of breeding were required to create the B10.Cg-

CMahtm1AvrkDmdmdx/PtmJ line (https://www.jax.org/strain/017929), as the only 

mdx:cmah mice that could be supplied by the Jackson laboratory were cmah het/mdx 

WT males and cmah het/mdx het females therefore several crosses were required in 

1) XXUu v XYuu 
  XU XU Xu Xu 

Xu XXUu XXUu XXuu XXuu 
Xu XXUu XXUu XXuu XXuu 
Yu XYUu XYUu XYuu XYuu 
Yu XYUu XYUu XYuu XYuu 
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order to obtain the correct mice for use in the study (mdx mutation highlighted in by 

the red X, cmah mutation denoted by c). Mice highlighted in yellow were used to breed 

next generation, those highlighted in green were used experimentally: 

 

 
For clarity throughout this thesis, the following abbreviations will be used: 

 

Abbreviation  Full nomenclature Zygosity 
WT (wildtype) C57BL/10ScSnJ Homozygous 
mdx C57BL/10ScSn.mdx Hemizygous 
mdx:utr C57BL/10ScSn.utr/mdx Heterozygous for utr, 

hemizygous for mdx 
mdx:cmah B10.Cg-CMahtm1AvrkDmdmdx/PtmJ Homozygous for cmah, 

hemizygous for mdx 
Table 2-1 Full nomenclature and abbreviations for mice used within the studies 

 

1) XXCc v XYCc 
 
 
 
 
 
 

 
2) XXcc v XYcc 
 

 Xc Xc Xc Xc 
Xc XXcc XXcc XXcc XXcc 
Xc XXcc XXcc XXcc XXcc 
Yc XYcc XYcc XYcc XYcc 
Yc XYcc XYcc XYcc XYcc 
 

3) XXcc v XYcc 
 

 Xc Xc Xc Xc 
Xc XXcc XXcc XXcc XXcc 
Xc XXcc XXcc XXcc XXcc 
Yc XYcc XYcc XYcc XYcc 
Yc XYcc XYcc XYcc XYcc 
 

 XC Xc XC Xc 
XC XXCC XXCc XXCC XXCc 
Xc XXCc XXcc XXCx XXcc 
YC XYCC XYcC XYCC XYCc 
Yc XYXc XYcc XYCc XYcc 
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Where possible animals were bred at the same time and under the same 

environmental conditions for each group.  

 

2.2.2 Animal welfare 
All animals were housed in the Biological Research Facility (BRF) at Roslin Institute, 

under controlled temperature (approx. 25°C) and light conditions (12:12h light: dark 

cycle) and offered food and water ad libitum. All experiments were performed in full 

compliance with Government regulations and guidelines on animal welfare under the 

terms of the Animals (Scientific Procedures) Act 1986, authorized by the Home Office 

UK. The projects were carried out under project licence 70/8285, held by Professor 

Colin Farquharson (updated to include the muscular dystrophy mouse models). All 

animals were inspected daily to monitor for the development of negative phenotypes 

and animals exhibiting any harmful abnormal phenotype were humanely killed.  

 

2.2.3 Rationale for choice of time-points 
Mice in the cross-sectional characterisation studies of mice were sacrificed at three 

post-natal developmental ages (3, 5 and 7 weeks) when linear growth is rapid. Three 

weeks-of-age was chosen to represent pre-pubertal mice; growth is greatest between 

2 and 4 weeks of age, thus enabling differences in growth velocity to be determined 

most effectively. 5 week-of-age mice were chosen as they are peri-pubertal, so 

allowing any effect of endogenous sex steroid hormone levels on growth and skeletal 

development to be determined. 7 weeks-of-age mice were chosen as the final 

timepoint so that the mice are post-pubertal but still have sufficient growth velocity to 

determine any inter-genotype differences. Muscle cell necrosis usually occurs by 21 

days-of-age in mdx mice, with the peak of muscle deterioration at around 6-7 weeks-

of-age, followed by significant muscle regeneration by 90 days-of-age. (Bulfield et al. 

1984, Radley-Crabb et al. 2014), Therefore assessing mice at multiple time points 

throughout the juvenile period may enable new onset deterioration in bone and 

muscle to be assessed. Other studies have shown that the mdx is not a good model 

once muscle regeneration has started to occur, and a recovery in bone parameters 

has been demonstrated by 18 weeks of age, therefore it is important not to investigate 

the mice when they are too old (Montgomery et al. 2005).  
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Following a period where several late, peri-weaning, deaths were noted, it was 

surmised that the mdx mice did not respond well to early handling. In the intervention 

studies it was therefore decided not to start any gavage or injections until at least 28 

days. Furthermore, the BRF stipulated that no pump implantation could be carried out 

in an animal weighing less than 15g. Therefore, guided by weights from the 

characterisation study, mice in the GH/IGF-1 study (Chapter 6) were weighed at day 

32 and provided that their weight exceeded 15g, the pump was implanted and 

injections/gavages commenced 2 days later, after wound healing. Peak GH activity in 

mice also occurs between postnatal days 20-40, therefore any divergence in growth 

velocity by intervention should be most apparent in this age range (Wang et al. 2004).  

 

2.2.4 Anthropometric measurements 
Animals were measured twice weekly from weaning until cull, by staff in the BRF. 

Weight, crown to rump and tail lengths were taken using digital weighing scales and 

a ruler. Where possible, all measurements were taken with the same equipment by 

the same animal house staff during the study period, in order to minimize inter-

observer variability.  

 

2.2.5 Animal sacrifice and collection of blood samples 
Mice were culled by exsanguination (non-schedule 1 method), under terminal 

anaesthesia with confirmation by cervical dislocation. Immediately following sacrifice, 

blood samples were extracted by cardiac puncture and collected in serum tubes to 

promote clotting. Samples were left on ice for 30mins and then centrifuged at 1000g 

for 10mins. A minimum of 75µl of supernatant (serum) was isolated from the whole 

blood where possible, then aliquoted and stored at -80°C until required. 

 

2.2.6 DNA isolation and genotyping 
Ear notches were taken at 2 weeks-of-age for genotyping. DNA was extracted using 

the HotSHOT method (Truett et al. 2000). Briefly a solution of 

ethylenediaminetetraacetic acid (EDTA), sodium hydroxide and water was added to 

the ear punch sample and heated at 95°C for 1 hour. The sample was then neutralised 

using a solution of 1M TRIS and water that had been adjusted to pH 5.5. 5µl of the 

DNA suspension was added to 20µl of PCR master mix and PCR amplification 

performed. DNA concentration and quality were assessed using a nanodrop 
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spectrophotometer (Thermo Scientific, UK). Quality was assessed by the ratio of 

wavelengths 260nm/280nm, where 1.8-2.0 was considered optimal.  

 

 
Mdx:utr genotyping 
Utrophin primers were purchased from Sigma (for sequences used see Appendix I). 

The utrophin knockout PCR solution contained: 3µl DNA (10ng/µl); 2.5µl 10x NH4 

buffer; 0.75µl 50mM MgCl2 (Bioline), 2.5µl 2mM dNTPs; 0.5µl 20pmol/µl forward and 

reverse WT primers; 16µl nuclease free H2O; 0.25µl 5U/µl BioTaq DNA polymerase. 

The PCR was performed under the following conditions on a DNA Engine Dyad 

machine (Peltier Thermal Cycler, Bio-Rad Laboratories, Hertfordshire, UK): 

• 2mins at 92°C (denaturing) 

• 32 thermocycles consisting of 1min at 92°C (denaturing),1min at 58°C 

(annealing), 1min at 72°C (extension) 

• 10mins at 72°C 

 

PCR products were run on a 1.8% agarose/1x Tris-borate EDTA (TBE) (Ambion, 

Cambridge, UK) gel containing 0.5ug/ml ethidium bromide. 3µl of 5x blue loading 

buffer (New England Biolabs, Herts, UK) was added to the PCR product and 13µl of 

each sample was added to the gel. Electrophoresis was carried out at 160V in a gel 

tank containing TBE buffer. Hyperladder 1 (Bioline) was used as molecular weight 

markers for the utrophin knockout PCR. Gels were imaged using a Gel Logic 200 

Imaging System and software (Kodak, Hemel Hempstead, Herts, UK). 

 

Mdx genotyping 
Mdx genotyping was carried out remotely by sending ear notches to Transnetyx, Inc 

(Cordova, TN, USA). 

 
Mdx:cmah genotyping 
Mdx:cmah mice were originally genotyped at Roslin using primer sequences kindly 

donated by Prof Straub at the JWMDRC, using the same methodology as for the 

mdx:utr mice above (see Appendix I for primer sequences). A gel was then sent to 

Transnetyx to enable creation of a probe and subsequently genotyping was carried 



Chapter 2 Materials and methods 

 

 49 

 

out there. The first batches of samples were cross-matched using in-house 

genotyping to validate the probe (Figure. 2-1).  

 
Figure 2-1 An example of a gel from mdx:cmah genotyping, showing bands at 297bp 

(WT) highlighted in green and 400 bp (cmah) highlighted in red. See appendix I for 

full primer sequences. 

 

2.2.7 Fluorochrome labelling 
Fluorochrome labelling allows sites of mineralization within bone and GP cartilage to 

be visualised and enable daily BFR at the chondro-osseous junction to be assessed 

visually under ultraviolet light, without the need for further staining or decalcification 

(Owen et al. 2009).  Calcein fluorescent labels were administered at specific time 

intervals, dependent on the age of the mouse (van Gaalen et al. 2010). A stock 

solution of 10mg/ml calcein was prepared by adding 0.05g of calcein to 0.07g of 1.4% 

sodium bicarbonate (NaHCO3) and 5ml of distilled water. It was filter sterilised and 

stored in the dark at 4°C until required. Aliquots were made (using calcein at a 

concentration of 10mg/kg bodyweight) up to 200 µl using saline and injections were 

given intraperitoneally by the BRF staff according to the schedule in Table 2-2. 

Animals were culled as close to 48 hours after the last injection as possible.  

 

To calculate longitudinal growth rate per day, the distance between the chondro-

osseous junction at the distal end of the GP and the fluorescing mineralisation front 

was measured at 10 different points along the section (see red arrows, Figure 2-2) 
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and an average taken. Although two calcein injections were administered during the 

initial experiments, it became clear during preliminary data analysis that the 

movement of calcein through the mineralising front could be seen with one injection, 

so ultimately the mean distance was then divided by two, as only the calcein label 

injected two days prior to cull was used to obtain a growth rate per day. This enabled 

only one calcein injection to be given in the latter experiments.  

 

2.2.8 Bromodeoxyuridine (BrdU) uptake 
5-bromo-2’-deoxyuridine (BrdU) is a synthetic analogue of thymidine. It is 

incorporated into the DNA of replicating cells during the S phase of the cell cycle as 

a substitute for thymidine. Proliferation rate can then be assessed using 

immunohistochemistry (IHC) of tissue sections with antibodies specific for BrdU 

(Loveridge et al. 1990). A stock solution of 20mg/ml BrdU was made by adding 0.2g 

of BrdU to 10ml of phosphate-buffered saline (PBS) and stored at -20°C until ready 

for use. It was used at a concentration of 50mg/kg bodyweight and aliquots were 

made up to 200 µl using saline for intraperitoneal injection by the BRF staff at 24 

hours prior to cull.  

 

2.2.9 Glucocorticoids (GC) and GC-sparing agents 
Following literature review (Wood et al. 2018), it became clear that there was no 

consensus regarding the optimal regimen to use for giving GC to young mice in order 

to impair growth and skeletal development, therefore several different types of GC 

and dosing regimens were trialled as part of the third study aim (Chapter 5), in order 

to find the most effective before moving to the final study within this project (Chapter 

6).  

a) Prednisolone by sub-cutaneous (SC) injection 
Prednisolone sodium phosphate was dissolved in distilled water and administered by 

SC injection so that the prednisolone component was given at 5mg/kg bodyweight. 

Solutions were made up to enable 10µl/g bodyweight to be given daily to each mouse.  

 

b) Prednisolone by oral gavage 
Prednisolone was given in a cherry syrup suspension (Humco, Texas, USA) via oral 

gavage at doses of 10mg/kg and 20mg/kg bodyweight. Suspensions were made up 

so that 10ul/g bodyweight were given daily to each mouse. 
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Age at cull Number of  days injection given prior to sacrifice 

First calcein  Second calcein BrdU 

3 weeks 4 days 2 days 1 day 

5 weeks 7 days 2 days 1 day 

7 weeks 9 days 2 days 1 day 

Table 2-2 Injection timetable for mice 

 

 

 

 
Figure 2-2 An example of a calcein labelled growth plate in a 3 week old mouse. Red 

arrow shows the distance measured from the chondro-osseus junction to the 

mineralising front. To calculate longitudinal growth rate per day, the distance was 

divided by the number of days prior to cull the second calcein was injected (2 days in 

this study). 
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c) Dexamethasone by SC injection 
Water-soluble dexamethasone (dexamethasone-cyclodextrin) was dissolved in 

distilled water and given by SC injection so that the dexamethasone component was 

given at initially at 2.5mg/kg and then at 5mg/kg bodyweight. Solutions were made up 

to enable 10µl/g bodyweight to be given daily to each mouse. 

 
d) VBP-6 by oral gavage 

VBP-6 was kindly supplied as a gift by Jesse Damsker and Eric Hoffman from 

ReveraGen BioPharma, Rockville, MD, USA. It was also given in a suspension of 

cherry syrup (Humco, Texas, USA) at 20mg/kg bodyweight. Suspensions were made 

up to enable 10µl/g bodyweight to be given daily to each mouse. 

 

2.2.10 Continuous delivery of insulin-like growth factor-1 (IGF-1) 
Media grade IGF-1 was obtained from Gro-Pep (Adelaide, Australia) as its biological 

activity at 50% of the effective dose was <30ng/ml, which was greater than other 

commercially available sources and it has been previously used within the group with 

success (Dobie et al. 2015). In humans, IGF-1 given in bolus doses can cause quite 

profound hypoglycaemia, so it was decided to administer the IGF-1 in the final study 

(Chapter 6) via a slow infusion using a pump, rather than as a once daily 

injection. This also enabled the total number of injections being given to each mouse 

to be reduced, which was vital because otherwise the study would have exceeded the 

Home Office recommendation of maximum number of daily injections. The continuous 

administration of IGF-1 was achieved by implantation of a SC micro-osmotic pump 

(Alzet model 1004, California, USA).   IGF-1 was reconstituted in sterile 0.9% saline 

prior to use. Micro-osmotic pumps were filled with 100µl of IGF-1 or vehicle and then 

submerged in sterile 0.9% saline and incubated at 37 °C for 48 hours. This priming 

step ensures that the pumps begin releasing their contents immediately on 

implantation. Mice were anaesthetised once they reached 32 days of age and 

weighed at least 15g. Pumps were implanted SC behind the scapula according to 

manufacturer’s instructions.  

 

A dose of 1mg/kg bodyweight/day via osmotic pump was chosen after an extensive 

literature review suggested that this was a safe and well tolerated dose (Gregorevic 

et al. 2002, Schertzer et al. 2018). The pump rate was 0.11ul/ hour, therefore working 
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on a mean mouse weight of 23g at 7 weeks (based on the anthropometric data 

obtained in Chapter 3), 0.87mg was added to 100µl of saline, thus releasing 

0.023mg/day in 2.64µl at a rate of 0.11µl//hour in order for 1mg/kg/day to be given.  

 

2.2.11 Growth hormone (GH) 
A dose of 3mg/kg twice daily was chosen after an extensive literature review 

suggested that this was a safe and well tolerated dose with evidence of efficacy both 

at Roslin and beyond (Masternak et al. 2010, Dobie et al. 2014, Wong et al. 2016). In 

order to mimic the pulsatile release seen in GH in males, injections would need to be 

given multiple times a day, but clearly this was not feasible or ethically acceptable in 

practice. Several studies have emphasised the need for at least twice daily dosing of 

GH in male mice and also demonstrated an up-regulation of growth using 12-hourly 

injections (Alba et al. 2005, Jarukamjorn et al. 2006), therefore twice-daily dosing has 

been used in this study as a practical compromise, with the two injections spread out 

as much as possible within the working day. This regime has been used successfully 

by colleagues at Roslin (Dobie et al. unpublished data). The female mouse has a 

much more continual pattern of GH release, and so multi-day dosing is less relevant 

(Norstedt et al. 1984).  

 

GH in the form of Norditropin (Novo Nordisk) was kindly supplied by Dr Tim Cheetham 

and colleagues at the Great North Children’s Hospital, Newcastle-upon-Tyne. It was 

diluted using sterile 0.9% saline to enable 10ul/g bodyweight to be given daily to each 

mouse. 

 
2.3 Characterisation of muscle phenotype 

 

2.3.1 Forearm grip strength testing 
Forelimb grip strength testing was performed using a grip strength meter with a 

specialised mouse grid (Harvard Biosciences, Massachusetts, USA). A protocol was 

designed for use in the BRF (Appendix II) which was based on the TREAT-NMD 

standard operating protocol (Luca 2014). In summary, a grip meter attached to a force 

transducer was used that measures peak force generated when the mouse is pulled 

backwards. 3 consecutive measurements were taken and then the mean calculated 

and divided by the body weight in grams, to obtain a grip strength value normalised 
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to body weight. Grip strength measurements were always performed within 24 hours 

prior to cull.  

 

2.3.2 Histological assessment of muscle pathology 
The tibialis anterior (TA) muscle of the lower hind limb was used for histological 

assessment of muscle pathology. The TA is recommended because it is readily 

accessible, transverse sections are easily obtained and it contains mainly fast 

myofibres (Grounds 2014). The muscle was firstly dissected and fixed in Neutral-

buffered formalin for 48 hours and then transferred to 70% ethanol prior to processing 

and wax embedding (see Section 2.4.2). Sections were cut at a width of 6μm and 

collected onto uncoated glass slides and stored in the dark at room temperature until 

stained. Haematoxylin and eosin (H&E) staining was used for histological assessment 

of muscle pathology (see Appendix III for protocol). Haematoxylin stains eosinophilic 

structures (e.g. muscle sarcoplasm) pink and eosin stains basophilic structures (e.g. 

nuclei) dark purple, with high RNA producing paler purple staining in the cytoplasm 

(e.g. in young myotubes).  

 

Following H& E staining, images were acquired using a Zeiss AxioImager brightfield 

microscope and analysed using Fiji, an open source platform for biological image 

analysis (Schindelin et al. 2012). The total cross-sectional area of the muscle was 

measured first and then areas of infiltrating inflammatory cells were manually 

measured to determine the proportion of active myfofibre necrosis as a percentage of 

the total area. The H&E colour deconvolution plugin on Fiji was used to separate the 

H&E components and the thresholding tool used to select a consistent threshold for 

each image where nuclei were clearly seen without too much background 

interference. The ‘analyse particles’ function was then used to automatically count 

nuclei.  The image was then fully magnified and muscle fibres with central nuclei were 

manually counted using the plug-in ‘cell counter’ function. The percentage of 

regenerating muscle fibres was calculated using: no. fibres with central nuclei/ (total 

no nuclei x100). From these values, a cumulative measure of skeletal muscle damage 

was calculated, consisting of the percentage of active necrosis and regenerating cells. 

This methodology is recommended in the TREAT-NMD protocol (Grounds 2014). 
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2.3.3 Quantification of creatine kinase activity 
Creatine Kinase (CK) is a protein found in cardiac and skeletal muscle. By measuring 

serum CK levels, it is assumed that an increased level signifies muscle damage and 

sarcolemma membrane fragility, leading to the release of cytosolic enzymes, 

including CK, into the bloodstream. Although there is a TREAT-NMD protocol for CK 

analysis (Luca 2014), the recommended commercial assay was no longer available, 

therefore an alternative CK assay (Abnova, UK) was used according to the 

manufacturer’s instructions. Absorbance was measured at 340 nm every 30 s for 4 

min at 25°C to calculate enzyme activity. All measurements were done in triplicate. 

However, the results were not as expected; a much smaller variance between WT 

and mdx was seen compared to previously published data. After discussion with the 

JWMDRC at Newcastle, who also experienced measurement inconsistencies using 

the Abnova assay, an alternative assay was utilised (Pointe Scientific, Stroud UK), 

again according to manufacturer’s instructions. Briefly, CK specifically catalyses the 

transphosphorylation of adenosine diphosphate (ADP) to adenosine triphosphate 

(ATP). Through a series of coupled enzymatic reactions, NADPH is produced at a 

rate directly proportional to the CK activity. Therefore, by measuring NADPH 

absorbance using a plate reader, a quantification of CK activity can be obtained. 10 

µl of serum from each mouse sample was loaded into a 96-well plate alongside blanks 

of distilled water. Each sample was loaded in duplicate. 200µl of working reagent (4 

parts buffer:1 part enzyme) was added to each well and the plate loaded into the plate 

reader. Readings were taken until the absorbance curve reached a plateau. In this 

experiment, readings for the first minute after 4 minutes of incubation were used. The 

CK activity was calculated using:  

CK (U/L) = Change in absorbance/ minute x3376. 

 

2.4 Ex vivo assessments of bone and growth 
 

2.4.1 Measurement of tibial length 
Tibial lengths were obtained using two different techniques. Firstly, using Data viewer 

software from the whole bone reconstruction of low-resolution µCT images (described 

in Section 2.8.4), tibial length was measured using the anatomical landmarks shown 

in Figure 2-4. Tibial length was also measured manually using digital calipers (Mahr, 
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Gottingen Germany) but as the standard deviation of these measurements was 

greater than of those obtained using µCT, only the µCT values are presented. 

 

2.4.2 Decalcification and paraffin wax embedding 
The right tibiae were fixed in 10% neutral-buffered formalin (NBF) for up to a week 

and then washed and stored in phosphate buffered saline (PBS) until ready for 

decalcification. They were then placed in 10% EDTA solution, on rollers, at a pH of 

7.0 at 4°C. The solution was changed at least twice weekly for a minimum of 3 weeks, 

to ensure complete removal of mineral from the bone.  

After decalcification, right tibia bones were firstly processed and then embedded in 

paraffin wax. All tissues were dehydrated using the same processing schedule: 

• 70% ethanol- 2 hours 

• 90 % ethanol- 2 hours 

• Absolute ethanol- 3 hours 

• Xylene- 3 hours 

• Paraffin wax- 3 hours.  

The bones were then sectioned coronally and embedded so that the internal surface 

was placed face down in paraffin wax at 60°C in metal moulds and left to cool. Excess 

wax was trimmed on a microtome (Leica Microsystems Ltd, Milton Keynes, UK) until 

the GP was visible. All tibiae were embedded and cut in the same plane. The samples 

were then cooled on ice before sections were cut at 6μm, using MX35 Premier+ 

Microtome Blades (Thermo Scientific, Cheshire, UK). Ribbons of sections were 

separated in a water bath heated to 40°C and 2-3 sections were mounted onto each 

poly-l-lysine coated slide (VWR International Ltd, Lutterworth, Leicestershire, UK). 5 

slides were prepared in total from each bone. The slides were then placed in a 60°C 

oven overnight to promote section adherance, and stored at room temperature (RT) 

in the dark until required.  

 

2.4.3 Methylmethacrylate embedding 
Prior to plastic embedding, right femur bones were fixed overnight in 4% 

paraformaldehyde and then stored in 70% ethanol. Plastic embedding was carried 

out in Professor Rob van t’ Hof’s laboratory at Liverpool University. Briefly, bones 

were dehydrated in incremental ethanol and acetone solutions and then embedded 
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in methylmethacrylate. Coronal sections were cut at 5 μm using a microtome and left 

unstained for fluorescent imaging of calcein uptake. 

 

2.4.4 Micro-computed tomography imaging  

Micro-computed tomography imaging (µCT) was carried out to assess trabecular 

architecture, cortical geometry, tibial length and tissue mineral density of bone. µCT 

involves taking a series of X-rays in different planes and then using computer software 

to reconstruct a 3-dimensional stack of images which can then be analysed (van ‘t 

Hof 2012). µCT imaging was undertaken with guidance from Professor Rob van ‘t 

Hof, at Liverpool University.  Left tibiae were scanned using a SkyScan 1272 X-ray 

microtomograph (Bruker Corporation, Kontich, Belgium). After dissection, left tibial 

bones were stored in water at -20°C and thawed prior to scanning. The bones were 

wrapped in tissue and enclosed at a consistent vertical height in tightly fitting rigid 

plastic tubes filled with water, to prevent movement artefact. Two images were 

averaged at each rotation angle to reduce noise. Settings were changed, dependent 

on whether cortical or trabecular images were being obtained. For trabecular bone, 

high resolution images were obtained using a 0.5 mm aluminium filter (to prevent 

beam hardening where lower energy x-rays are absorbed faster and result in an 

artefactual non-uniform density), 0.3° rotation step and 4.5µm resolution. For cortical 

bone image accrual and tibial length measurements, images were obtained using a 

0.5 mm aluminium filter, 0.5° rotation step and 9µm resolution. 

Scans were reconstructed using NRecon software (Bruker). Initially the whole bone 

was reconstructed from the low resolution scan, to determine tibial length 

measurements. For trabecular and cortical analysis, a volume of interest was selected 

using Data Viewer software (Bruker), see Figure 2-3. 200 slices of the metaphysis 

were taken for analysis of trabecular bone, using the base of the GP, where the clear 

bridge of low density cartilage (known as the chondrocyte seam) first becomes visible 

as the standard reference point and the region of interest (ROI) was started 10 slices 

below this.  It is important when determining the ROI to be used that the offset (i.e. 

the distance below the reference point) needs to be sufficient so that the trabecular 

ROI begins in a region of trabecular bone, without a significant presence of the fine-

structured GP-associated primary spongiosa in the cross-sections. Similarly, it is 

important that the trabecular ROI does not extend into the diaphysis, otherwise 

cortical bone will erroneously be included in analysis. For this reason, in the young 
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mice the analysis was repeated after calculating the size of the ROI dependent on 

tibial length. For example, the longest tibia at 3 weeks of age was marked as being 

100% and 200 slices. The number of slices to include in each ROI was then calculated 

for each of the shorter tibiae as a percentage of this.  After discussion with Rob van t’ 

Hof it was felt unnecessary to adjust the regions of interest for the older mice as these 

are standardised and well-validated protocols that have been used (Bruker 2017) and 

there were no significant differences between tibial length measurements of different 

muscular dystrophy mouse models. 100 slices of the diaphysis were taken for 

analysis of cortical bone, using the tibia-fibula junction as a standard reference point, 

with the ROI starting 50 slices above this. 

 

CTAn software (Bruker) was used to analyse appropriate parameters and reduce 

noise in the reconstructed images by applying a filter. To ensure only bone was 

analysed, and not surrounding soft tissue, a threshold was set, remaining consistent 

in all samples. In order to calculate tissue mineral density (TMD) of the cortex, 2 mm 

calcium hydroxyapatite (CaHA) rod pair phantoms of a known density (0.25g/cm3 and 

0.75g/cm3) were also scanned using the same settings used for cortical and 

trabecular image accrual. The primary entity that is measured during µCT is x-ray 

absorption, defined as the attenuation coefficient in units/mm. Therefore, by linking 

the mass concentrations of CaHA with the measured x-ray attenuation co-efficient in 

the µCT image, the tissue density can be calibrated. In this instance, tissue density 

was calculated rather than BMD, thus the measurement includes only density of the 

bone rather than also including the bone marrow cavity. The nomenclature used to 

describe the cortical and trabecular bone parameters is in accordance with the 

American Society of Bone and Mineral Research (ASBMR) guidelines (Parfitt et al. 

2009, Bouxsein et al. 2010) and presented in Table 2-3 and Figure 2-4. 
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Figure 2-3 Regions of interest and landmarks for µCT analysis 
A) Diagram to illustrate the landmarks and technique used for tibial length 

measurement. 

B) A clear bridge of low density cartilage, known as the chondrocyte seam is used as 

the reference point for the base of the growth plate.  

C) ROI for trabecular bone is highlighted by the blue box. 200 slices of the metaphysis 

were taken for analysis of trabecular bone, using 10 slices below the base of the GP 

as the reference point.  

D) ROI for the cortical bone is highlighted by the blue box. 100 slices of the diaphysis 

were taken for analysis of cortical bone, using 50 slices above the tibia-fibula junction 

as a standard reference point. 
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Trabecular parameter Units  Description 
Trabecular tissue volume mm3 Tb.TV Volume of entire ROI 
Trabecular bone volume mm3 Tb.BV Volume of region segmented as bone 
Trabecular bone fraction % BVTV Ratio of segmented bone volume to total volume 
Trabecular thickness mm Tb.Th Mean thickness of trabeculae 
Trabecular separation mm Tb.S Mean distance between trabeculae 
Trabecular number 1/mm Tb.N Measure of average no of trabeculae per unit length  
Structural model index - SMI Relative prevalence of rods and plates, 0 for parallel plates and 3 for cylindrical rods 
Connectivity 1/mm3 Conn.D Measure of degree of connectivity of trabeculae, normalized by TV 
Cortical parameter    
Cortical tissue area mm2 Ct.TA Total cross-sectional area inside periosteal envelope 
Cortical bone area mm2 Ct.BA Cortical volume/ (no. slices x slice thickness) 
Periosteal perimeter mm Ps Pm See Figure 2-4 
Endosteal perimeter mm Es Pm See Figure 2-4 
Cortical tissue volume mm3 Ct.TV Volume of entire ROI 
Cortical bone volume mm3 Ct.BV Volume of region segmented as bone 
Cortical bone fraction % BVTV Ratio of segmented bone volume to total volume 
Cortical thickness mm Ct.Th See Figure 2-4 
Polar moment of Inertia mm4 J Basic strength index (resistance to rotation of a cross-section about a chosen axis)  
Mean eccentricity - Ecc An elliptic parameter (higher eccentricity means generally elongated objects) 
Tissue mineral density g/cm3 TMD Average attenuation value (density) of bone tissue only 

Table 2-3 Trabecular and cortical bone parameters measured by µCT, using ASBMR nomenclature (Parfitt et al. 2009)
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Figure 2-4 Diagram to highlight some of the cortical bone parameters measured by 

µCT.
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Figure 2-5 Biomechanical testing of tibial bone 

A) Photograph to show a tibial bone in situ on the platform of the Lloyd LRX5 

materials testing machine, with the cross-head being lowered onto the mid-

diaphyseal region.  

B) Example of load-deflection graph obtained during biomechanical testing with 

key parameters of max load and stiffness highlighted by arrows.   
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2.4.5 Biomechanical testing 

Upon completion of µCT testing, bones were subjected to biomechanical testing. A 

Lloyd LRX5 materials testing machine (Lloyd Instruments, West Sussex, UK) fitted 

with a 100N load cell was used to determine failure load, work to failure, load to 

maximum and maximum stiffness of tibiae (Aspden 2003), see Figure 2-5A. The left 

tibia was used for biomechanical testing as soon as possible after µCT. The span was 

fixed at 10mm and the cross-head lowered at 1mm/min. Data was recorded after 

every 0.2mm change in deflection. Each bone was tested to point of failure which was 

identified from the load-extension curve (Figure 2-5B) as the point of maximum load. 

The remaining parameters were calculated from a polynomial curve fitted to the rising 

region of the load-extension curve in Sigmaplot (Systat Software Inc., San Jose, 

USA). The maximum stiffness was defined as the maximum gradient of the rising 

portion of the curve. Load at maximum stiffness was calculated as the load at point of 

maximum stiffness. Work to failure was calculated as the area under the load 

extension curve up to point of failure. If a maximum load of 5N was not reached, the 

test was repeated once.  

 

2.4.6 Quantification of bone turnover markers by ELISA 
Serum P1NP levels were assessed by ELISA using Fine Test (AMS Biotechnology, 

Abingdon, UK) Mouse P1NP (N-terminal pro-peptide of collagen alpha-1chain) ELISA 

kits according to manufacturer’s instructions. Serum was diluted 1:10 with 

sample/standard dilution buffer. Briefly 100µl of diluted sample was added to a 96-

well plate in duplicate and incubated at 37°C for 90 minutes. 100µl of biotin-detection 

antibody working solution was then added for 1 hour. After washing, 100µl of HRP-

streptavidin conjugate working solution was then added for 30 minutes, washed and 

90µl 3,3’ 5,5’ tetramethylbenzidine (TMB) chromogenic substrate added, then 

incubated in the dark for a further 30 minutes. 50µl of stop solution was added and 

absorbance read at 450nm on the microplate reader. Values were determined by 

comparison to standard curves which were run simultaneously using standard 

solutions ranging from 78 rg/ml to 5000rg/ml of analyte.  Curves were plotted as 

relative optical density (OD 450) of each standard solution (Y) against respective 

solution of standard solution (X). P1NP concentration was interpolated from standard 

curve and multiplied by the dilution factor to obtain the initial concentration. All 

samples from one experiment were run on the same assay.  
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Serum Beta-C-terminal telopeptide levels were initially assessed by ELISA using Fine 

Test (AMS Biotechnolgy, Abingdon, UK) mouse beta CTx ELISA kits according to 

manufacturer’s instructions. Beta CTX was chosen first as this is usually measured 

clinically (Vasikaran et al. 2011). However, concentrations of beta-CTx were 

consistently lower than the threshold absorbance. It is known that as bone ages, the 

alpha form of aspartic acid present in CTx converts to the beta form(Wheater et al. 

2013). Therefore, as bones from juvenile mice are being used, it was decided to 

instead try and measure serum alpha-CTx levels, using a Fine Test (AMS 

Biotechnology, Abingdon, UK) Mouse CTx ELISA kit.  

 

Serum was initially diluted 1:10 with sample/standard dilution buffer, and then 

repeated at 1:5 dilution for optimal results, using the same methodology as for the 

P1NP ELISA.  Values were determined by comparison to standard curves which were 

run simultaneously using standard solutions ranging from 78 rg/ml to 5000rg/ml of 

analyte.  Curves were plotted as relative OD450 of each standard solution (Y) versus 

respective solution of standard solution (X). CTx concentration was interpolated from 

standard curve and multiplied by the dilution factor to obtain the initial concentration. 

 

2.4.7 Toluidine blue staining of the growth plate 
Toluidine blue is a metachromatic stain whose properties depend on the substance it 

binds to and the pH of the staining solution used.  It is useful to enable the different 

GP zones to be distinguished. The nucleus will stain dark blue, whilst the cytoplasm 

usually stains purple, and cartilage blue-purple, leaving the background in green. 

Once the slides had been prepared as described in Section 2.4.2, they were 

deparaffinised and rehydrated through a graded series of alcohol solutions using the 

auto-stainer. They were then stained (see Appendix III for protocol), cleared in 3 

changes of xylene, cover-slipped and allowed to dry.  

 

Images were captured using a Zeiss AxioImager brightfield microscope and analysed 

in Fiji (Schindelin et al. 2012). Total GP, proliferative and hypertrophic zone heights 

were measured at 10 different points along the GP (Figure 2-6) using the measuring 

ruler and the mean and standard deviation calculated.  
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2.4.8 Immunohistochemistry using  IGF-1, MMP-10 and BMPR1b 
antibodies 

A standard indirect immunohistochemistry technique was used to detect IGF-1, MMP-

10 and BMP1bR activity. Antibodies were all sourced from Abcam: 

 

• anti IGF-1 antibody ab9572, ( host species rabbit, used at 1:500) 

• anti-MMP10 antibody ab 199688 (host species rabbit, used at 1/100) 

• anti- BMPR1b antibody ab175385 (host species rabbit, used at 1/100) 

 

Paraffin sections that had been prepared as in Section 2.4.2 were dewaxed in xylene 

and rehydrated through a graded series of alcohol solutions. Antigen retrieval was 

achieved by treating sections with 0.1% porcine trypsin for 30 min at 37oC, followed 

by washing in PBS. Endogenous peroxidases were blocked by incubating the 

sections with 3% hydrogen peroxide (in methanol), for 30 minutes at room 

temperature, followed by 3 washes in PBS. Non-specific protein binding was 

prevented by blocking using 1:5 dilution of normal goat serum for 30 min at RT. 

Specific primary antibodies were diluted to the optimal concentrations (determined by 

serial dilution) in PBS/FBS, and sections were covered with diluted antibody solution 

and incubated in a humidified chamber for 1 hour at RT. Control sections received the 

same concentration of rabbit IgG. After further washing in PBS, the samples were 

incubated with secondary goat anti-rabbit horseradish peroxidase (DAKO, Glostrup,  

Denmark),  diluted to 4µg/ml in PBS/FBS for 1 hour at RT in a humidified chamber. 

3,3’- diaminobenzidine (DAB) substrate reagent was then added for up to 5 minutes 

at RT, rinsed in PBS and dehydrated and counterstained with haematoxylin using the 

auto-stainer. Sections were mounted and images were captured using a Zeiss 

AxioImager brightfield microscope. 
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Figure 2-6 Histological assessment of growth rate and proliferation at GP A) Toludine blue stained tibial section from a WT mouse 

showing the GP zones that were measured. B) Example image from WT mouse showing the technique used to quantify proliferative 

activity in the GP using PCNA IHC: i) Immunostaining using PCNA. Only proliferating zone was analysed, highlighted by green arrow. 

ii) PCNA +ve chondrocytes highlighted using DAB staining (shown after colour deconvolution in Fiji). iii) All chondrocytes stained using 

haematoxylin (shown after colour deconvolution in Fiji. To calculate the proportion of PCNA +ve chondrocytes the number of DAB 

stained chondrocytes in ii) was divided by the total number in iii)

100µm 
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2.4.9 BrdU assay 
5-bromo-2’-deoxyuridine (BrdU) is a synthetic analogue of thymidine that is 

incorporated into DNA in place of thymidine during the S-phase of the cell cycle. It 

can therefore be used to assess cell proliferation rate in any tissue. BrdU injections 

were given 24 hours prior to cull, as described in Section 2.2.8. Once the slides had 

been prepared as described in Section 2.4.2, IHC was performed for BrdU, using the 

BrdU Colometric kit for IHC (Thermo Fisher Scientific, Loughborough, UK) according 

to the manufacturer’s instructions. Briefly, the sections were dewaxed and rehydrated 

(see Appendix III) and quenched by immersion in 0.3% hydrogen peroxide for 10 

minutes. The DNA was denatured to allow antibody access to the incorporated BrdU 

by immersing the slides in 1X antigen retrieval solution at 97 oC for 15 minutes. After 

blocking for 10 minutes at RT, sections were incubated with biotinylated anti-BrdU 

antibody for 2 hours at RT and then rinsed in PBS. They were then incubated with 

avidin horseradish peroxidase for 1 hour at RT. DAB substrate was added for 20 

minutes to enable detection of the peroxidase activity. After rinsing with distilled water, 

sections were then counterstained with haematoxylin (see Appendix III), and 

submerged in PBS. Finally, they were dehydrated and mounted. Sections were 

viewed using a Zeiss AxioImager brightfield microscope. Control slides (from a 

previous experiment were used for comparison). 

 

2.4.10 PCNA Immunohistochemistry 
The proliferating cell nuclear antigen (PCNA) is synthesised in the early G1 and S 

phases of the cell cycle, and is particularly prominent in the nucleoli in the late S 

phase. By performing PCNA IHC and calculating the percentage of PCNA-positive 

cells in the resulting sections, it can therefore be used as an intrinsic marker to make 

an estimation of proliferation rate without the need for BrdU injections to evaluate 

DNA synthesis.  

 

Once the slides had been prepared from mice culled at 3 weeks of age, as described 

in Section 2.4.2, the Vectastain elite ABC rabbit kit (Vector labs, Peterborough, UK) 

was used according to manufacturer’s instructions, alongside the Abcam anti PCNA 

(rabbit) antibody (Abcam, Cambridge, UK). Briefly, the sections were dewaxed and 

rehydrated (see Appendix III) and mounted. Sections were viewed using a Zeiss 

AxioImager brightfield microscope. The haematoxylin- DAB colour deconvolution 
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plugin was used on Fiji to separate the haematoxylin and DAB components and the 

thresholding tool used to select a consistent threshold for each image where positively 

stained nuclei were clearly seen without too much background interference (Figure 2-

6B). The ‘analyse particles’ function was then used to automatically count nuclei and 

a % of proliferating nuclei as a function of the total number of chondrocyte nuclei in 

the proliferating zone was calculated.  

 

2.4.11 Detection of apoptosis  
When a cell undergoes apoptosis, a complete change in its morphology occurs. This 

involves shrinkage, chromatin margination, membrane blebbing, nuclear 

condensation and then segmentation and division into apoptotic bodies, which may 

be phagocytosed. The TdT-mediated dUTP nick-end labelling (TUNEL) assay forms 

the basis of the Apoptag technology. This enables apoptosis to be differentiated from 

cell necrosis where DNA fragmentation does not occur. DNA strand breaks can be 

detected by enzymatically labelling the free 3’-OH termini with modified nucleotides. 

Once the DNA fragments have been labelled with the digoxigenin-nucleotide they can 

bind to the anti- digoxigenin antibody that is conjugated to fluorescein. The ApopTag 

Plus Fluorescein In Situ Apoptosis Detection Kit (EMD Millipore, Bedford, MA, USA) 

was used. Briefly, formalin-fixed, paraffin-embedded sections of the tibial growth plate 

from the mice culled at 7 weeks of age were pre-treated with proteinase K. After 

equilibration, terminal deoxynucleotidyl transferase (TdT) enzyme was added, 

followed by anti-digoxigenin conjugate. Slides were then blocked, washed and stained 

with fluorescein, counterstained with DAPI, mounted and stored in the dark until they 

were required. Sections were viewed using a Zeiss AxioImager fluorescent 

microscope. 

 

2.4.12 Static histomorphometry  

Static histomorphometry was performed to quantify osteoblast number using tissue 

non-specific alkaline phosphatase (TNAP) IHC of H&E stained sections in Chapters 

3 and 4 and Goldners trichome stained sections in Chapters 5 and 6. Tartrate-

resistant acid phosphatase (TRAP) in conjunction with Fast-red staining was used to 

determine osteoclast activity.  
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• TRAP/Fast-red staining 

Osteoclasts secrete TRAP and can therefore be identified using a combination of 

TRAP and Fast-red staining to highlight osteoclasts in red. After fixation for up to a 

week using 10% NBF, right tibial bones were decalcified, wax embedded and cut at 

6µm as previously described (see Section 2.4.2 ). 250µL of N-N dimethyl formanide 

and 70mg napthol AS-TR phosphate were added to a solution of 0.2M sodium acetate 

buffer and 115mg of sodium tartrate dihydrate. 70mg of fast red salt TR was dissolved 

into the solution and warmed to 37oC. The solution was dropped onto the slides and 

incubated for two hours at 37oC, or until the red staining developed. The sections 

were then washed in distilled water and counterstained in Mayer’s hematoxylin for 

5min. After a final wash in PBS, sections were blotted, mounted and imaged 

immediately using the Nanozoomer slide scanner (Hamamatsu Photonics, Japan). 

 

• Goldner’s trichrome staining 

Goldner’s trichrome staining can be used to distinguish mineralised bone (stains 

blue/green) from osteoid (red) and nuclei (purple). Sections were prepared as 

described for TRAP staining. They were then dewaxed to water and stained in a 

solution of Wiegert’s haematoxylin for 10 minutes, differentiated in 1% acid alcohol 

for 15 seconds and washed well for 10 minutes. Sections were then moved through 

a series of stains, see Appendix III. After rinsing in distilled water and blotting dry, they 

were then dipped quickly in 99% alcohol and 99% alcohol-xylene before being 

transferred to xylene and mounted using ClearVue mounting agent (Thermo Fisher). 

The sections were then imaged as per TRAP-reacted sections.  

 

• TNAP Immunohistochemistry 

Tissue non-specific alkaline phosphatase plays a key role in bone mineralisation by 

degrading inorganic pyrophosphate and providing free inorganic phosphate for 

hydroxyapatite formation. As alkaline phosphatase is an ectoenzyme with activity  on 

the osteoblast cell membrane, IHC can be used to positively identify osteoblasts. 

Sections were prepared as described for TRAP staining.  After washing in PBS, 

antigen retrieval was performed in a 10mM sodium citrate buffer (made to pH 6) at 

70oC for 1 hour. After blocking for 30 minutes at RT in a solution of 3% hydrogen 

peroxide in methanol, a 10% solution of normal goat serum was added to the slides 

for 1 hour at RT. A dilute solution of primary TNAP antibody (rat; MAB 2909 R&D 
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Systems, Minnesota, USA) was prepared at a concentration of 1:1500 in primary 

antibody buffer and added to slides for 1 hour at RT in a humidified chamber. The 

sections were then incubated with goat anti-rat HRP secondary antibody (Sigma 

9037) diluted 1:1000 in secondary antibody buffer for 1 hour at RT. Diluted DAB 

substrate (1 drop to 1ml buffer) was added until the colour visibly developed. After 

rinsing with PBS, sections were then counterstained with Meyer’s haematoxylin, for 4 

mins, dehydrated (see Appendix III), mounted and scanned as per TRAP-reacted 

sections.  

 

• Osteoblast and osteoclast analysis 

Images were compressed and imported into Bioquant Osteo software v 17.2.60 

(Bioquant Image Analysis Corp, Nashville, Tennessee, USA). The trabecular area of 

the proximal tibia was analysed; the ROI included only metaphyseal trabecular bone 

and extended from 50um below the GP and within the endocortical bone boundary. 

Osteoclasts were identified as TRAP +ve multinucleated cells lying on the bone 

surface. Osteoblasts were visualised using TNAP immunostaining and identified by 

their cuboidal appearance, lying within groups on the bone surface. Osteoblast and 

osteoclast number were reported normalised to bone surface, in accordance with the 

ASBMR Guidelines for nomenclature (Dempster et al. 2013).  

 

2.4.13 Bone marrow adipose tissue (BMAT) quantification by osmium 
staining  

Osmium staining and µCT for MAT quantification was kindly performed by Dr Rob 

Wallace, Dr Karla Suchacki and Dr Will Cawthorn at the Queen Margaret Research 

Institute at Edinburgh University. Bone marrow adipose tissue (BMAT) was assessed 

by osmium tetroxide staining of intact tibiae. As described previously (Scheller et al. 

2014), tibiae were fixed in 10% NBF for up to 1 week after dissection and kept in PBS 

until required. Tibial bones were arranged in parallel and set in 1% agarose gel within 

a 30ml universal tube. They were scanned prior to de-calcification at a resolution of 

6µm, with misalignment of 0.5, ring artefact of 5 and beam hardening set at 40% to 

determine an accurate marrow volume. Bones were then decalcified in 14% EDTA 

for 2 weeks and then stained with 1% osmium tetroxide solution for 48 hours. They 

were then rescanned at a resolution of 12µm, with misalignment of 0.5, ring artefact 

of 10 and beam hardening set at 40%. Osmium tetroxide is soluble in fats and forms 
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a black reduction with the carbon-carbon double bonds within unsaturated fatty acids, 

resulting in covalent incorporation of the osmium atom. Within the bones, unsaturated 

fatty acids are concentrated within bone marrow adipocytes. Because osmium is 

radio-dense, its incorporation into bone marrow adipocytes allows direct visualization 

of BMAT by µCT scanning. Thus, µCT scans of osmium-stained bones allow 

quantification of MAT volume and spatial distribution in situ.  

 

Characteristics of MAT depend on the region and age of the animal examined, and 

so the tibia-fibula junction was used as an arbitrary cut off when defining the regions 

containing regulated MAT (rMAT) and constitutive MAT (cMAT), see Figure 2-7. rMAT 

exists in more proximal skeletal sites, such as the proximal tibia and consists of 

adipocytes interspersed with haematopoietic bone marrow. It develops with age. 

cMAT is found in the earliest areas of marrow formation, for example the distal tibia 

and appears histologically similar to white adipose tissue, with few visible 

haematopoetic cells.  
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Figure 2-7 Regulated and constitutive bone marrow adipose tissue (BMAT) in the 

mouse. Reproduced with kind permission from (Scheller et al. 2016) 

A) Proposed distribution of regulated MAT (rMAT) and constitutive MAT (cMAT) 

in the mouse skeleton when marrow is present. Regulated MAT is found in the 

most proximal regions including the mid to proximal tibia. Constitutive MAT is 

found in the most distal portion of the tibia. 

B) Three-dimensional representation of an osmium-stained mouse tibia.  

C) Representative histology of rMAT and cMAT adipocytes within the bone 

marrow.
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2.5 RNA and DNA Methods 

 

2.5.1 Isolation of RNA from tissues 
RNA was extracted using a modified version of the Qiagen RNeasy kit. Each right 

humerus sample was snap frozen in liquid nitrogen and stored at -80°C until required. 

The epiphyses were then removed and the shaft spun down to remove the bone 

marrow. They were then crushed with a glass rod and then homogenised in QIAzol 

Lysis Reagent using a hand-held homogeniser (Cole-Parmer Instruments CO. Ltd, 

London, UK).  Chloroform was then added to extract the DNA and run on spin 

columns. Addition of ethanol provided optimal binding conditions to the silica-based 

membrane which was then centrifuged in the presence of wash buffers; removing 

contaminants. The RNA was then eluted in RNase free H2O, passed through the 

membrane and stored at -80°C.  RNA concentration and quality of all samples were 

assessed using a nanodrop spectrophotometer (Thermo Scientific, UK). Quality was 

assessed by the ratio of wavelengths 260nm/280nm, where a ratio of 1.8- 2.0 was 

considered optimal. 

 

2.5.2 Reverse transcription 
RNA was converted into complementary DNA (cDNA) by reverse transcription, using 

reverse transcriptase, an RNA-dependent DNA polymerase. 10 µl of each RNA 

sample was incubated with 2µl of random primers (1:60, (Invitrogen) for 10mins at 

70°C (DNA Engine Dyad machine) and immediately cooled on ice. A master mix was 

prepared using 4µl of 5x first strand buffer, 2µl of dithiothreitol (DTT) (0.1M) 

(Invitrogen), 1µl of dNTP (10mM), and 1µl of Superscript RNAse enzyme (200U/µl). 

8µl of the master mix was added to each sample. The reverse transcription was 

performed using a standard setting on the DNA Engine Dyad machine: 

• Annealing for 10min at 25°C  

• Elongation for 50mins at 42°C  

• Termination for 10min at 70°C.  

 

2.5.3 Quantitative polymerase chain reaction (qPCR) 
The cDNA was used on the real-time RT2 profiler PCR osteogenesis pathway array 

(Qiagen, Manchester UK), in combination with RT2 SYBR Green qPCR Mastermix 

(Qiagen, Manchester UK). For a list of the genes analysed see Appendix IV.  
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All samples were diluted to the lowest concentration of DNA in nuclease free water, 

with the aim of starting with 0.5µg total DNA. Briefly, 20 µl of cDNA was mixed with 

SYBR Green Mastermix and dispensed in the wells containing the osteogenic 

primers. Each panel contained 86 genes of interest, 6 housekeeping genes, genomic 

DNA controls, positive PCR controls and RNA controls. Wells were subjected to real-

time PCR, using Stratagene Mx3000P (Agilent Technologies, Santa Clara, CA, USA) 

for 1 cycle of 10 mins at 95°C to activate the HotStart DNA Taq polymerase and then 

40 cycles of 15s at 95°C and 1 min at 60°C to perform fluorescence data collection.  

 

A cycle threshold (CT) >35 was considered a negative cell and marked as N/A. The 

genomic DNA control wells were checked to ensure that levels of genomic DNA 

contamination were too low to affect gene expression profiling results.  The positive 

PCR control wells were also checked to ensure sensitivity of the instrument and to 

exclude the presence of PCR amplification inhibitors.  

 

Mean CT values for each duplicate were exported to an Excel spreadsheet and 

uploaded to automated open-source software provided by Qiagen at 

http://www.qiagen.com/geneglobe. CT values were normalised based on the Gapdh 

housekeeping gene as this was the gene out of a selection of 5 provided in the panel 

which showed least variability during the experiments.   

 

The delta-delta CT (DDCT ) method was used to calculate fold change/regulation (Livak 

et al. 2001). DCT was calculated between gene of interest and the housekeeping gene 

according to:  

D CT= CT (gene of interest) - CT (housekeeping gene) 

Gene-specific D CT values for samples in the same group (genotype) were then 

averaged. DDCT calculations were then performed using: 

DCT (test group) - D CT (control group). 

When genotypes were being compared, the WT mice were classed as controls. Fold 

change was calculated by converting the  DCT from a log2 scale to a linear scale using: 

Fold change= 2(-DDCT). 

 

A fold change >1 was classed as an upregulation, a fold change <1 was reported as 

a fold downregulation. Genes were filtered using a significance level of p<0.05.  
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Results where the gene’s average threshold cycle could either not be determined or 

was greater than the defined cut-off (35 cycles) in both samples meaning that its 

expression was undetected were excluded from results, as the manufacture warned 

that the resulting fold-change result was liable to be erroneous and un-interpretable.  

 

2.6 Organ/ cell culture 

2.6.1 Isolation of osteoblasts from culture of mesenchymal stromal cells.  
The femurs of 7-week old mice were dissected under sterile conditions and warmed 

to 37°C in a bijou containing a-MEM culture medium. Each bone was individually 

dissected at the proximal and distal ends and using a 5-ml syringe (filled with medium) 

and 21-gauge needle the marrow was flushed out into a small petriplate. The marrow 

was flushed several times to ensure a homogenous cell suspension was achieved. It 

was then transferred to a universal container where it was centrifuged at 1100 rpm 

for 4 min. After discarding the supernatant, the pellet was re-suspended into 10ml of 

a-MEM (supplemented with 0.5% gentamycin antibiotic (Gibco) and 10% FBS (Gibco) 

before use and filtered through a 70 µm sieve into a new sterile universal. The cells 

were seeded at 2 X 106 cells/ well of a 6-well plate, using plain a-MEM (without 

nucleosides). An osteogenic medium supplemented with 5 µg/ml ascorbic acid and 1 

mM dexamethasone was used to promote osteoblast differentiation. Half of the 

culture medium was changed initially after 6 days and then every 3 days until 3 weeks, 

when alkaline phosphatase (ALP) activity was determined.  

 

2.6.2 Alkaline phosphatase activity 
ALP is a stem cell membrane marker and ALP activity is an early indicator of the 

differentiation of marrow stem cells towards osteogenic lineage. ALP activity uses 

sodium α-napthyl phosphate as a substrate for ALP in the presence of fast blue RR 

(a diazonium salt). When the α-napthyl phosphate is hydrolysed by ALP, the α-napthyl 

couples with the diazonium site and forms visible dark blue pigment. An ALP staining 

kit was used according to the manufacturer’s instructions. Plates were scanned and 

the images digitised. The percentage of stained area was then quantified using Fiji 

and compared between the genotypes.  
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2.6.3 Isolation of embryonic metatarsals 
Metatarsal culture enables the intrinsic bone growth rate of an animal to be 

determined without any muscle weakness and resulting reduction in bone loading 

acting as a potential confounding factor. The embryonic mouse metatarsal culture 

technique provides a more physiological model for studying intrinsic bone growth than 

a pure in-vitro model and is well established within the group (Houston et al. 2016). It 

maintains cell-cell and cell-matrix interactions and enables quantitative assessment 

of bone growth.  

 

Culture medium was prepared by adding 0.2% bovine serum albumin, 1.25mg of 

amphotericin B, 0.05mg/ml gentamicin and 5 µg/ml L-ascorbic acid to α-MEM without 

nucleosides and filter sterilising through a 0.22 μm filter syringe.  Timed matings were 

performed with WT, mdx and mdx:cmah mice so that an accurate conception date 

was known, to within 12 hours. Embryos were decapitated at embryonic day 18 (E18) 

and the hind-foot removed under sterile conditions. Using a dissecting microscope 

and keeping the bones moist in culture medium (previously warmed); the middle three 

metatarsals were removed and stripped of muscle and other soft tissues.  

 
They were cultured, one bone to each well of a 24-well plate, with 300µl of standard 

culture medium per well in a humidified atmosphere, with 5% CO2 at 37°C. Culture 

medium was changed at 3, 5, and 7 days. The total and length of the mineralising 

zone of the metatarsal and was measured at day 0, 3, 5, 7 and 9 using a Nikon eclipse 

TE300 microscope with a digital camera attached and Image Tool software (Image 

Tool Version 3.00, San Antonio, TX). 

 

2.7 Statistical analysis 

Mice were identified only by an identity number at the time of culling, in order to be 

blinded to genotype. Statistical comparisons were made between mice of each 

genotype and age. One-way ANOVA was used to assess significance of differences 

between groups and post-test Bonferroni modifications were made to adjust for 

multiple comparisons. Data are presented as mean (+standard deviation) or median 

(+inter-quartile range) if the data were non-parametric. p<0.05 was accepted as 

significant. In figures throughout the chapters, * signifies p<0.05, ** p<0.01 and *** 

p<0.001. 
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Linear (univariable and multivariable) regression models were used when appropriate 

to estimate the relationship between the outcome variable under investigation and 

other independent variables, after adjustment for any potential confounders in the 

multivariable models. Following model generation, regression diagnostics were 

performed to check the underlying assumptions of the linear model. Residual 

normality was checked using a normal probability plot and a residual versus fitted plot 

drawn to ensure that the variance of errors was constant throughout the range of 

residuals.
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3 Characterisation of growth in muscular 

dystrophy mouse models 
 

3.1 Introduction 

As discussed in Chapter 1, GC therapy forms part of the Standards of Care for DMD 

(Birnkrant et al. 2018). They improve muscle, cardiac and respiratory function but are 

associated with many side-effects, including growth retardation and delayed puberty, 

which in turn further exacerbates the GC-induced reduction in growth velocity (Wood 

et al. 2015). However, short stature is also a common feature of boys with DMD even 

in those who are not treated with GC (Rapaport et al. 1991). Typically, boys with DMD 

appear to have a slower than expected growth velocity during the first years of life 

(West et al. 2013) and then continue to grow along their lower centile during childhood 

and adolescence (Eiholzer et al. 1988). Figure 3-1 shows a growth chart for ambulant 

boys, aged 2-12 years (McDonald et al. 1995, West et al. 2013). A recent study also 

suggests that there is skeletal disproportion in GC-treated boys with DMD with 

relatively shorter leg length and more marked reduction of distal long bones (Kao et 

al. 2019). Supra-physiological doses of GC do not appear to cause the same patterns 

of skeletal disproportion in juvenile arthritis, suggesting that an intrinsic growth 

disorder may be responsible in DMD (Zak et al. 1999). 
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Figure 3-1 Height-for-age percentile curves for ambulant boys ages 2-12 years with DMD compared with the US population CDC 2000 

curves, showing the DMD 10th centile falling well below the CDC equivalent. Reproduced from (West et al. 2013) 
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Primary GH deficiency is unlikely to be the primary cause as a study of 34 patients 

with DMD found GH secretion to be essentially normal. Despite this, abnormal 

response of dystrophic muscle to endogenous GH or IGF-1 may play a role (Messina 

et al. 2008). Studies in the x-linked muscular dystrophy dog have suggested that the 

early poor growth coincides with a period of extreme muscle necrosis and 

regeneration, which may therefore reflect increased metabolic activity (Rapisarda et 

al. 1995). Low levels of physical activity and associated reduced bone loading and 

lower bone turnover probably also contribute (Nagel et al. 1999) although there must 

be other contributory factors as ambulant boys are short prior to onset of marked 

muscle weakness.  

 

3.1.1 Rationale for studying growth in mouse models of DMD 
Despite some clinical evidence to suggest intrinsic growth failure in boys with DMD, 

there are little published data regarding the growth in muscular dystrophy mouse 

models. Prior to investigating the role of anabolic agents such as GH and IGF-1 on 

bone and growth, it is essential to determine the normal growth trajectory in these 

models. 
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3.2 Hypothesis 

Growth and GP chondrogenesis are impaired in all muscular dystrophy mouse 

models when compared to WT mice and more severely in the mdx:cmah mouse 

model.  

 

3.3 Aims 

1. Compare parameters of muscle function.  

2. Compare gross growth rates.  

3. Assess rates of growth within the growth plate. 

4. Compare metatarsal growth rate.  

All studies will compare male WT and muscular dystrophy mouse models 

(mdx, mdx:utr and mdx:cmah) that are culled at 3,5 and 7 weeks of age.
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3.4 Material and Methods 

For all experiments in this chapter, n=6 mice or more in each group were studied 

(except for mdx:utr at 5 weeks, where n=5 as one mouse had to be culled just prior 

to the study end point because of hydrocephalus and poor weight gain). 

 

3.4.1 Grip strength 
Forelimb grip strength testing was performed using a grip strength meter with a 

specialised mouse grid (Harvard Biosciences, Massachusetts, USA), see also 

Chapter 2.3.1.  

 

3.4.2 Creatine kinase assay 
Quantification of serum creatine kinase activity was carried out using a Pointe 

Scientific kit (Chapter 2.3.3). The change in NADPH absorbance was measured every 

30s at 340nm for 4 min at 25°C and a mean value calculated. 

 

3.4.3 Muscle histology 
The TA muscle of the lower hind limb was used to determine muscle necrosis and 

inflammation. Sections were cut at a width of 6μm and H&E staining was used for 

histological assessment of muscle pathology, as outlined in Chapter 2.3.2. 

 

3.4.4 Gross body growth parameters 
Animals were measured twice weekly from weaning until cull, by staff in the BRF. 

Weight, crown to rump and tail lengths were taken using the same digital weighing 

scales and a ruler. Crown-rump and tail length data throughout the study periods has 

not been reported in this thesis, however, as there was found to be great inter-

observer variability in these measurements. In order to maximise validity only the data 

at time of cull is shown, because the same technician performed the anthropometric 

measures at cull during the study; this was unfortunately not possible for the entire 

study period due to shift patterns.   
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3.4.5 Testes weight 
Testes were dissected immediately post cull and weighed on the same digital scales 

for every mouse. A combined weight is presented, alongside a weight normalised to 

the overall bodyweight.  

 

3.4.6 Analysis of growth plate height 
Right tibiae were removed at dissection and fixed in 10% NBF for 1 week then stored 

in PBS until required. They were decalcified and embedded in paraffin wax (Section 

2.4.2). All tibiae were embedded and cut in the same plane. Sections were cut at 6μm 

and stained with toluidine blue, further details are given in Section 2.4.8. Images were 

captured using a Zeiss AxioImager brightfield microscope and GP zone heights 

measured using Fiji (Schindelin et al. 2012). Ten measurements were taken per 

section and the mean height calculated for each zone. 

 

3.4.7 Dynamic histomorphometry  
Calcein is taken up by mineralising bone surfaces and can therefore be used to 

determine longitudinal bone growth rate. Mice were injected with calcein 2 days prior 

to cull, as described in Section 2.2.7. At dissection, right femurs were fixed overnight 

in PFA and then stored in 70% ethanol. Plastic embedding was carried out in Rob van 

t’Hof’s laboratory at Liverpool University. Images were captured using a Zeiss 

AxioImager fluorescence microscope. The distance between the chondro-ossesous 

junction and calcein labelling front was measured using Fiji and divided by the time 

between injection and sacrifice (2 days) to give the BFR per day (Figure 2.2). Multiple 

measurements were taken per section and the mean growth rate calculated.  

 

3.4.8 Tibial length measurement 

Tibial length was measured using images obtained by µCT and viewed in Dataviewer, 

as outlined in Section 2.4.4.  

 

3.4.9 Assessment of chondrocyte proliferation rate  
IHC for BrdU and PCNA detection were performed as described in Sections 2.4.10 

and 2.4.11. Sections were taken from the right tibiae of 3-week-old mice of each 
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genotype. This age of mouse was used as growth rate and therefore proliferation rate 

was likely to be maximal.  

BrdU IHC was performed using a range of BrdU antibody concentrations, but it was 

felt that the staining obtained was very variable amongst samples studied and overall 

too poor to allow accurate differentiation between positive and negatively stained cells 

in the growth plate.  It is possible that there was a discrepancy in the administration 

protocol for the BrdU injections.   Due to these inconsistencies in BrdU detection, 

dividing nuclei were identified and counted using the PCNA IHC protocol (see Section 

2.4.11) 

 

3.4.10 Assessment of apoptosis rate 
Rates of apoptosis were investigated using the Apoptag kit, as described in Section 

2.4.12. Right tibiae from 7-week-old mice were used.  

 

3.4.11 Embryonic metatarsal culture 
Metatarsal culture was performed as described in Section 2.6.3. Twelve metatarsals 

were isolated from each genotype and cultured. The mdx:utr model was not used for 

metatarsal culture as this phase of the study was commenced after the decision had 

been made not to take the mdx:utr mouse forward for the later phases of the project. 

Because of the considerable financial costs of breeding and maintenance of mice, the 

cohort was therefore not maintained specifically to achieve timed pregnancies. All 

embryos were taken from one pregnant mouse of each genotype at day E18. 

Metatarsal growth in culture was noted to slow down after day 7, (mean difference in 

length between days 5 and 7of 0.44mm, compared to 0.17mm between days 7 and 

9) see Figure 3-2C, so only length data up to and including day 7 was included in the 

analysis. Total metatarsal length and mineralising zone length were measured (see 

Section 2.6.3 and Figures 3-2A and B). 
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Figure 3-2 Metatarsal culture  

A) shows a metatarsal from E18 WT mouse under magnification at day 0, midway 

through stripping the skin and the removal of the tarsus. 

B) Metatarsal of WT mouse at day 7 showing the measurements taken for 

mineralising zone and total length. 

C) Graph showing the slowing of metatarsal growth in culture of a WT mouse after 

day 7 (n=24). 
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3.5 Results 

 

3.5.1 Grip strength  
In the youngest mice (3 weeks-of-age at cull), grip strength normalised to bodyweight 

was significantly less in all muscular dystrophy models compared with WT mice 

(p<0.01) (Figure 3-3, Table 3-1). At 5 weeks-of-age, only the normalised grip strength 

of mdx:utr mice was significantly less than WT mice (p=0.03), and at 7 weeks-of-age, 

only the mdx:cmah mice was significantly lower (p=0.04); at this age the normalised 

grip strength was 38% lower in the mdx:cmah than WT mice.  

 

3.5.2 Creatine kinase assay  
Whilst there was considerable variability in serum CK levels by age as well as 

genotype, there was significantly (in the order of 10-fold) higher CK activity in all 

muscular dystrophy models and at all ages compared to WT mice (Table 3-2 and 

Figure 3-4). CK was significantly higher in mdx mice at 5 weeks-of-age and in the 

mdx:cmah mice at both 5 and 7 weeks-of-age compared to the mice of their respective 

genotype that were 3 weeks-of-age at cull (Table 3-2).  Although it did not reach 

statistical significance, as the SD in the CK measurements of the mdx:utr mice were 

much greater, the same trend for higher CK at the older ages was also seen in these 

mice.  

The relationship between CK and genotype/age was investigated in further detail 

using a multivariable linear regression model to estimate the relationship between CK 

and genotype after adjusting for age (Tables 3-3 and 3-4). Age and genotype together 

explained 71% of the variance in CK values (R2= 0.71). Using WT and 3 weeks-of-

age as comparators, age at cull and genotype were both significantly associated with 

CK levels (Table 3-4). The interaction between age and genotype was also assessed 

to determine whether the effect of genotype was age dependent.  As expected, there 

was a significant interaction between age and genotype in both the mdx and 

mdx:cmah mice. On its own, age only accounted for 5% of overall variance in CK 

levels but when combined with genotype, the contribution of the combined model to 

CK levels increases from 0.62 to 0.71. 
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Mouse type Absolute grip strength, g (SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 62.36 (14.3) 74.86 (10.54) 96.75 (29.33) 

mdx 63.25 (30.63) 58.30 (18.82) 49.48 (9.29) 

mdx:utr 31.37 (11.60) 50.27 (20.75) 79.42 (22.80) 

mdx:cmah 32.15 (10.93) 55.08 (10.20) 74.63 (18.19) 

Mouse type  Grip strength normalised to bodyweight, g/g(SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 5.78 (0.86) 4.54 (0.82) 4.74 (0.82) 

mdx 3.87 (0.78) ** 3.38 (0.99) 3.54 (1.50) 

mdx:utr 3.40 (1.11) ** 2.89 (1.19) * 3.82 (1.07) 

mdx:cmah 3.94 (1.20) ** 3.27 (0.69) 2.96 (0.62) * 

Table 3-1 Absolute and normalised grip strength data from mice culled at 3, 5 and 7 

weeks-of-age. Data are presented as mean (+/- standard deviation). * denotes 

p<0.05, ** p<0.01 when compared to WT mice. 

 
Figure 3-3 Normalised mean grip strength (g/g) by age (3, 5 and 7 weeks) and 

phenotype (WT compared to mdx, mdx:utr and mdx:cmah) showing the reduction in 

normalised grip strength in muscular dystrophy mice. n=6 in each group except for 

mdx:utr at 5 weeks where n=5.  ** denotes p<0.01 when compared to WT mice at 3 

weeks-of-age, * denotes p<0.05 in mdx:utr mice at 5 weeks-of-age and mdx:cmah 

mice at 7 weeks-of-age compared to WT. 
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3.5.3 Muscle Histology 
Histological analysis of the TA muscle revealed a clear necrosis with inflammatory 

infiltration by 3 weeks-of-age in all the muscular dystrophy mouse models. The 

corresponding WT mice showed normal, regular myofibres with peripheral nuclei and 

intact sarcoplasm at all ages with minimal evidence of inflammation or regeneration 

(Figure 3-5A).  This was confirmed by the significant increase in % of inflammatory 

cells seen in the muscular dystrophy models compared to the WT mice at 3 weeks-

of-age (Table 3-5). There was evidence of regeneration with larger, irregular 

myofibres containing central nuclei seen by 5 weeks-of-age in all the muscular 

dystrophy mouse models, (Figure 3-5C and D) but more so in the mdx and mdx:utr 

models. The amount of muscle regeneration was significantly lower in the mdx:cmah 

mice compared to mdx and mdx:utr mice at both 5 and 7 weeks-of-age (Table 3-5).    

 

3.5.4 Gross body growth parameters 
Length measurements were only started at 3 weeks-of-age once the mice were 

weaned (to minimise handling), therefore changes in growth parameters are not 

available in the 3 week-old mice. As expected, values for bodyweight, crown-rump 

length and tail length increased with the age of the mouse at cull. The mdx:cmah mice 

were 1.96g lighter than WT mice at 3 weeks-of-age (8.07g v 10.03g, p=0.02), but 

were 3.0g heavier by 7 weeks-of-age (21.97g v 24.97g, p=0.02), see Table 3-6. 

Consistent with this, when analysing the mice that were culled at either 5 or 7 weeks-

of-age and hence had longitudinal growth data available, the mdx:cmah mice gained 

significantly more weight than WT mice between 3 and 5 weeks-of-age (8.77g, v 

10.61g, p=0.01) suggesting catch-up growth. Weight gain slowed between 5 and 7 

weeks-of-age in all models and there were no differences in weight gain during this 

period by genotype (Figure 3-6). No differences in bodyweight were observed in the 

mdx or mdx:utr mice compared to WT mice at any time-point studied. 

 

Crown-rump length was greater in mdx:cmah mice compared to WT mice at 5 weeks-

of-age (8.01 v 7.09 cm, p=0.04), (Table 3-6), but otherwise there were no significant 

differences in crown-rump or tail length between groups at any age.  
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Mouse type Mean CK value, in U/L (SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 151.1 (134.2) 230.1 (121.8) 234.4 (167.0) 

mdx 1365.3 (589.0) * 2424.0 (506.9) *** DD 1483.0 (153.70) ***  

mdx:utr 1594.6 (754.1) * 2468.0 (1170.3) *** 2281.3 (277.5) *** 

mdx:cmah 1483.2 (749.0) * 2602.2 (671.7) *** D 2530.3 (562.6) *** D 

Table 3-2 Increased serum CK levels in muscular dystrophy mice at 3, 5 and 7 

weeks-of-age. Data are presented as mean (+/- standard deviation). * denotes 

p<0.05, *** p<0.001 compared to WT mice. D denotes p<0.05, D D p<0.01 compared 

to mice of the same genotype at 3 weeks-of-age. n=6 in each group except for 

mdx:utr at 5 weeks where n=5.   

 

 

 

 

 
Figure 3-4 Higher CK levels in muscular dystrophy mice at 3,5 and 7 weeks-of-age. 

Data are presented as mean (+/- standard deviation). * denotes p<0.05 *** p<0.001 

compared to WT mice. D denotes p<0.05, D D p<0.01 compared to mice of the same 

genotype at 3 weeks-of-age. n=6 in each group except for mdx:utr at 5 weeks where 

n=5.   
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Independent variable Co-

efficient 
95% CI p-value R2 

Genotype 
(WT as comparator) 

   0.62 

mdx 1463.08 1057.76, 1868.39 0.000  

mdx:utr 1947.72 1454.81, 2440.63 0.000  

mdx:cmah 1967.68 1532.10, 2403.27 0.000  

Age at cull 
(3 wks as comparator) 

   0.05 

5 weeks 559.67 -38.92, 1158.25 0.066  

7 weeks 298.94 -286.76, 884.64 0.312  

Table 3-3 Univariable linear regression model showing the individual effects of age 

and genotype on CK level. 

 

 

 

Independent variable Co-
efficient 

95% CI p-value R2 

Genotype 
(WT as comparator) 

   0.71 

mdx 1604.36 1243.12, 1956.6 0.000  

mdx:utr 1979.70 1546.88, 2412.52 0.000  

mdx:cmah 2059.51 1675.17, 2443.84 0.000  

Age at cull 
(3 wks as comparator) 

   0.05 

5 weeks 787.13 444.99, 1129.27 0.000  

7 weeks 479.21 145.85, 812.58 0.006  

Table 3-4 Multivariable linear regression model showing the adjusted effects of age 

and genotype on CK level. 
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Figure 3-5  Histology of TA muscle showing pathology in muscular dystrophy 

models. H&E stained section of TA from a: 

A) 3-week-old WT with normal, regular myofibres, peripheral nuclei, intact sarcoplasm.  

B) 3- week-old mdx:utr mouse showing many inflammatory cells (arrow) and barely 

visible sarcoplasm.  

C) 7-week-old mdx mouse showing regeneration with larger myofibres and central 

nuclei (arrow).  

D) Muscle cell inflammation seen in all muscular dystrophy models by 3 weeks-of-

age followed by subsequent regeneration at 5 and 7 weeks-of-age. Data are 

presented as mean+/- SD. * denotes p<0.05, ** p<0.01, *** p<0.001 for cumulative 

percentage values compared to WT mice at the same age. DD denotes p<0.01, DDD 

p<0.001 for % regeneration compared to mdx:cmah mice at the same age. n=6 in 

each group except for mdx:utr at 5 weeks where n=5.  
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Mouse type 3 weeks at cull 5 weeks at cull  7 weeks at cull 

    

 % of inflammatory cells, signifying active cell damage (SD) 

WT 0.27 (0.22) 0.45 (0.54) 0.35 (0.54) 

mdx 9.83 (4.32)* 5.59 (0.83)** 2.88 (0.67)* 

mdx:utr 15.92 (16.98)** 7.73 (5.39)** 8.04 (5.07)*** 

mdx:cmah 16.74 (3.96) ** 8.77 (8.45)** 2.57 (2.18) 

 % of central nuclei, signifying regeneration (SD) 

WT 1.23 (0.72) 0.42 (0.18) 1.14 (1.20) 

mdx 0.92 (0.59) 5.88 (0.01)** DD 8.23 (1.64)*** DDD 

mdx:utr 1.01 (0.37) 9.14 (4.97) *** DDD 6.68 (2.58)*** DD 

mdx:cmah 0.17 (0.14) 1.47 (0.85) 2.96 (2.12)* 

 Cumulative percentage (SD) 

WT 1.50 (0.50) 0.87 (0.59) 1.48 (1.21) 

mdx 10.75 (4.55) 11.47 (0.82)* 11.11 (1.30)*** DDD 

mdx:utr 16.93 (17.20)** 16.87 (6.22)*** DD 14.72 (3.41)*** DDD 

mdx:cmah 16.91 (3.92)** 10.06 (7.84)** 5.53 (1.61)***  

Table 3-5 Histology of TA muscle showing pathology in muscular dystrophy models 

at 3,5 and 7 weeks-of-age. Data are presented as mean (+/- standard deviation). * 

denotes p<0.05, ** denotes p<0.01  *** p<0.001 compared to WT mice at the same 

age. Ddenotes p<0.05, DD denotes p<0.01, DDD denotes p<0.001 compared to  

mdx:cmah mice at the same age.
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Figure 3-6 Increased weight gain is seen in the young mdx:cmah mice 

A) Increased rate of weight gain in the mdx:cmah occurred between 3 and 5 

weeks-of-age but not between 5 and 7 weeks-of-age. Data presented are 

mean (symbol) and standard deviation (whiskers). * denotes p<0.05 

compared to WT mice. 

B) Example of a growth chart for a WT mouse compared to a mdx:cmah mouse 

showing the lower initial weight and the rapid growth velocity seen in the early 

weeks in the mdx:cmah mouse. 
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Mouse type 3 weeks at cull 5 weeks at cull 7 weeks at cull 

  

 Bodyweight at cull, in g (SD) 

WT 10.03 (1.62) 17.33 (0.98) 21.97 (1.42) 

mdx 9.43 (1.23) 19.07 (2.13) 23.09 (2.90) 

mdx:utr 8.84 (0.55) 17.36 (1.59) 24.65 (1.62) 

mdx:cmah 8.07 (0.90)* 17.17 (3.13) 24.97 (1.58)* 

 Gain in BW, in g (SD) 

  From 3-5 weeks From 5-7 weeks 

WT - 8.77 (2.24) 3.52 (1.34) 

mdx - 7.93 (3.10) 4.05 (2.25) 

mdx:utr - 6.57 (3.53) 3.48 (1.30) 

mdx:cmah - 10.61 (1.35) * 4.40 (0.95) 

 Crown-rump length, in cm (SD) 

WT - 7.49 (0.84) 8.84 (0.39) 

mdx - 8.09 (0.23) 8.93 (0.37) 

mdx:utr - 8.13 (0.38) 8.92 (0.22) 

mdx:cmah - 8.01 (0.30)* 8.55 (0.36) 

 Tail length, in cm (SD) 

WT - 6.86 (0.55) 7.56 (0.26) 

mdx - 6.86 (0.20)      7.42 (0.18) 

mdx:utr - 6.98 (0.30) 7.74 (0.21) 

mdx:cmah - 6.87 (0.33)     7.25 (0.51) 

Table 3-6 Change in growth parameters during the study period. Data are 

presented as mean (+/- standard deviation),  * denotes p<0.05 compared to WT 

mice at the same age.
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3.5.5 Testes weight 
Testes weight increased by more than 200% between 3 and 5 weeks-of-age and were 

greatest at 7 weeks-of-age in all genotypes. This is consistent with most male mice 

reaching puberty by 30-38 days of age or approximately 5 weeks-of-age. Even when 

normalised for bodyweight, normalised testes weight still increased by between 117 

and 166% between 3 and 7 weeks-of-age. Combined testes weight was, in 

comparison to WT mice, significantly less in mdx mice  (p=0.001) and when 

normalised to BW, the testes weight was significantly less in both mdx and mdx:utr  

mice at 7 weeks-of-age compared to WT mice (p=0.001(Table 3-7)). 

 

3.5.6 Analysis of growth plate heights 
There was no significant difference in either total GP height or of the individual 

maturation zones by genotype (Table 3-9; Figure 3-7C+D). Total GP height was 

however significantly greater at 3 and 5 weeks-of-age compared to 7 weeks-of-age  

after adjustment for genotype in a multivariable linear regression model (Table 3-8, 

Figure 3-7A+B). This is consistent with the theory that the volume of hypertrophic 

chondrocytes is proportional to growth rate (Breur et al. 1991).  

 

3.5.7 Dynamic histomorphometry 
Dynamic histomorphometry of the GP using fluorescent calcein labelling revealed a 

lower longitudinal BFR with increasing age, and in particular a reduction in growth 

velocity after 5 weeks-of-age, shown in the multivariable model in Table 3-11 

(p=0.000). The longitudinal BFR of mdx:cmah mice at 5 weeks-of-age was 

significantly greater than mdx, mdx:utr and WT mice (p=0.01) (Table 3-10). When 

genotype and age at cull were incorporated into a multivariable linear regression 

model, the mdx:cmah mice was associated with an increased overall growth rate 

(p=0.007) and increasing age was associated with a reduction in growth rate (Table 

3-11). 
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Mouse type Combined testes weight, in g (SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 0.05 (0.02) 0.12 (0.01) 0.17 (0.003) 

mdx 0.04 (0.01) 0.12 (0.01) 0.13 (0.03) ** 

mdx:utr 0.03 (0.01) 0.12 (0.01) 0.15 (0.01) 

mdx: cmah 0.04 (0.01) 0.12 (0.01) 0.17 (0.02) 

Mouse type Combined testes weight, normalised to body weight in g/g (SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 0.0048 (0.001) 0.0071 (0.001) 0.0080 ((0.001) 

mdx 0.0047 (0.001) 0.0062 (0.001) 0.0056 (0.002) *** 

mdx:utr 0.0039 (0.001) 0.0068 (0.001) 0.0062 (0.001) * 

mdx: cmah 0.0054 (0.002) 0.0073 (0.001) 0.0068 (0.001) 

Table 3-7 Combined testes weight in muscular dystrophy models at 3,5 and 7 

weeks-of-age. Data are presented as mean (+/- standard deviation). * denotes 

p<0.05, ** p<0.01, *** p<0.001 compared to WT mice. 

 

 

 

Independent variable Co-
efficient 

95% CI p-value R2 

    0.42 

Genotype 
(WT as comparator) 

    

mdx 26.23 -23.62,76.07 0.295  

mdx:utr -13.12 -65.97,39.74 0.620  

mdx:cmah 13.19 -41.08, 67.45 0.627  

Age at cull 
(3 wks as comparator) 

    

5 weeks -61.73 -112.30, -11.16 0.018  

7 weeks -122.96 -165.57, -80.35 0.000  

Table 3-8 Multivariable linear regression model showing the adjusted effects of age 

and genotype on total GP height.  
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Mouse type Total GP height, in µm (SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 330.82 (46.90)                261.42 (9.17)                196.20 (19.93)                

mdx 373.85 (104.63) 223.93 (52.15) 218.33 (26.47) 

mdx:utr 248.53 (77.34) 279.42 (80.04) 221.42 (25.98)               

mdx:cmah 344.48 (80.12) 302.54 (14.50) 157.28 (25.70) 

 Height of hypertrophic zone in µm (SD) 

WT 129.53 (24.17) 113.24 (2.16)                 88.89 (11.15) 

mdx 151.05 (32.78) 98.37 (13.35) 90.52 (4.62)             

mdx:utr 100.17 (45.23) 131.37 (49.54) 95.44 (11.56) 

mdx:cmah 150.24 (30.78) 110.64 (11.79) 81.54 (6.59) 

 Height of hypertrophic zone as % of total height (SD) 

WT 39.03 (3.89) 43.33 (0.89) 45.68 (6.94)   

mdx 42.48 (11.75) 43.37 (1.88)  42.09 (6.77) 

mdx:utr 39.88 (8.89) 46.38 (4.44) 43.14 (2.65) 

mdx:cmah 42.59 (8.30) 37.95 (1.44) 52.20 (4.34) 

 Height of proliferative zone in µm (SD) 

WT 188.96 (60.23) 115.78 (9.12)                109.30 (15.30)                 

mdx 183.89 (83.98) 117.77 (26.69)               123.19 (13.34)     

mdx:utr 129.89 (43.85) 107.62 (17.49) 112.98 (22.89) 

mdx:cmah 139.33 (33.00) 140.64 (17.26) 111.16 (39.51) 

 Height of proliferative zone as % of total height (SD) 

WT 56.47 (12.56) 44.40 (4.97) 55.71 (5.22) 

mdx 48.97 (15.52) 52.63 (0.33) 56.68 (4.74) 

mdx:utr 53.66 (13.92) 41.25 (20.65) 51.78 (12.91) 

mdx:cmah 40.93 (5.70) 46.41 (3.91) 69.55 (13.76) 

Table 3-9 Analysis of overall height and individual GP zone heights in muscular 

dystrophy models compared to WT mice at 3, 5 and 7 weeks-of-age. 

Data are presented as mean (+/- standard deviation). 
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Figure 3-7 Representative GP images from WT mice at (A) 3 and (B) 7 weeks-of-

age, highlighting the reduction in total GP height at 3 weeks (p=0.000) compared to 7 

weeks-of-age. There was no significant difference in total GP height or of individual 

zones by genotype at either (C) 3 or (D) 7 weeks-of-age. n=6 in each group except 

for mdx:utr at 5 weeks where n=5.   
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Mouse type Longitudinal growth rate, in µm/day (SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 124.38 (18.73) 76.54 (15.39) 36.61 (15.44) 

mdx 97.33 (22.31)  73.73 (15.67) 46.21 (18.10) 

mdx:utr 89.65 (15.77) 82.35 (27.27) 29.24 (6.77) 

mdx:cmah 126.29 (26.09) 116.65 (25.64)* 49.07 (10.66) 

Table 3-10 The effect of genotype and age at cull on longitudinal growth rate using 

calcein labelling. Data are presented as mean (+/- standard deviation). * denotes 

p<0.05 compared to WT mice at the same age. 

 

 

 

 
Figure 3-8 Longitudinal BFR, as assessed by calcein labelling (µm/day) by 

genotype and age at cull. The longitudinal BFR of the mdx:cmah at 5 weeks-of-age 

was significantly greater than the mdx, mdx:utr and WT mice (p=0.01). n=6 per 

group, except for mdx:utr at 5 weeks, where n=5. 
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Independent variable Co-efficient 95% CI p-value R2 

    0.69 

Genotype 
(WT as comparator) 

    

mdx -6.79 -19.23, 5.66 0.280  

mdx:utr -11.24 -25.02, 2.54 0.108  

mdx:cmah 18.54 5.27, 31.82 0.007  

Age at cull 
(3 wks as comparator) 

    

5 weeks -23.92 -35.48, -12.36 0.000  

7 weeks -69.34 -80.89, -57.78 0.000  

Table 3-11 Multivariable linear regression model showing the adjusted effects of age 

and genotype on longitudinal growth rate per day.  

 

 

Mouse type Tibial length on CT, in mm (SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 13.02 (0.96) 14.93 (0.18) 16.07 (0.17) 

mdx 12.07(0.49)  14.82 (0.59) 16.10 (0.35) 

mdx:utr 12.42 (0.12) 14.84 (0.84) 16.27(0.30) 

mdx:cmah 12.45 (0.39) 14.99 (0.53) 16.60 (0.42) 

 Tibial length/bodyweight, in mm/g (SD) 

 3 weeks at cull 5 weeks at cull 7 weeks at cull 

WT 1.30 (0.22) 0.88 (0.07) 0.74 (0.05) 

mdx 1.33 (0.14)  0.76 (0.09) 0.68 (0.08) 

mdx:utr 1.43 (0.11) 0.94 (0.12) 0.66 (0.40) 

mdx:cmah 1.52 (0.44) 0.91 (0.25) 0.67 (0.05) 

Table 3-12 µCT analysis of tibial length in muscular dystrophy models at 3, 5 and 7 

weeks-of-age. Data are presented as mean (+/- standard deviation). 
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3.5.8 Tibial length measurement 

When tibial length was measured by µCT, bone length was similar in the muscular 

dystrophy and WT mice at 3, 5 and 7 weeks-of-age (Table 3-12). In order to determine 

whether the bone growth was in proportion to weight gain, the tibial length was also 

standardised to bodyweight (mm/g) but again there were no significant difference in 

the length of tibia from muscular dystrophy and WT mice groups at all ages studied 

(Table 3-12). 

 

3.5.9 Assessment of proliferation rate 
There was no significant difference in the % of PCNA positive nuclei in proliferating 

chondrocytes of 3-week-old muscular dystrophy and WT mice (Figure 3-9).  

 

3.5.10 Assessment of chondrocyte apoptosis  
After analysis of the first 12 sections processed using the Apoptag detection kit, (3 

from each genotype) it was felt that the number of chondrocytes dying via apoptosis 

was too low to enable accurate quantification. As Figure 3-10 demonstrates, there 

were only scattered apoptotic cells, mainly within the hypertrophic zone of the growth 

plate, the secondary ossification zone and in the upper metaphysis.  As expected, 

apoptosis was not observed in the less mature proliferating chondrocytes. 

 

3.5.11 Metatarsal culture 
There was a 175% increase in the length change of the mineralising zone from day 0 

to 7 in the mdx:cmah mice (p<0.001) compared to both WT and mdx mice.  However, 

the overall growth rate of metatarsals from WT, mdx and mdx:cmah mice was similar 

after 7 days of culture.  (Table 3-13 and Figure 3-11). 
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Figure 3-9 The percentage of PCNA positive nuclei in the proliferating zone did not 

vary significantly between 3-week-old muscular dystrophy and WT mice. Data 

presented are mean (symbol) and standard deviation (whiskers).  

 

 
Figure 3-10  Example of a formalin-fixed, paraffin-embedded tibial GP in an mdx:utr 

mouse culled at 7 weeks-of-age. Positively-stained apoptotic cells have been 

stained by fluorescein and counterstained using DAPI (arrows). 
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Table 3-13 Metatarsal parameters after 7 days in culture. Data are presented as 

mean (+/- standard deviation). *** denotes p<0.001 compared to WT mice. 

 

Metatarsal parameter WT mdx mdx:cmah 

Day 0 total length, mm 1.97 (0.07) 2.01 (0.07) 1.92 (0.37) 

Day 0 mineralising zone, mm 0.62 (0.02) 0.64 (0.03) 0.33 (0.05) 

Day 7 total length, mm 3.23 (0.11) 3.25 (0.16) 3.15 (0.53) 

Day 7 mineralising zone, mm 0.76 (0.10) 0.73 (0.09) 0.89 (0.16) 

Total length increase, mm 1.26 (0.07) 1.25 (0.11) 1.22 (0.51) 

Mineralising zone increase, mm 0.15 (0.10) 0.09 (0.09) 0.57 (0.16) 

Total length % change 64.2 (3.54) 62.3 (4.30) 66.8 (29.8) 

Mineralising zone % change 23.6 (16.8) 13.7 (14.1) 175.3 (56.9)*** 
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Figure 3-11 Change in total length and mineralising zone of E19 metatarsals by 

genotype. There was a 175% increase in length of the mineralising zone from 

day 0 to 7 in the mdx:cmah mice. *** denotes p<0.001 for length at day 0 

compared to day 7. N=12 metatarsals from 1 mouse of each genotype. 
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3.6 Discussion 

Results presented in this chapter confirm the presence of a muscle phenotype in all 

the muscular dystrophy mouse models. Genotype and age-dependent differences 

were observed. The muscle phenotype in the mdx mice was most marked in the 

youngest mice; normalised grip strength was significantly lower in the mdx mice 

compared to WT mice at 3 weeks-of-age but not beyond this. CK levels in the mice 

culled at 7 weeks-of-age were lower in the mdx compared to the mdx:utr and 

mdx:cmah mice, although still raised 10-fold compared to WT mice.  Muscle 

regeneration was evident on histology by 5 weeks-of-age with larger, irregular 

myofibres with central nuclei in all the muscular dystrophy models, but significantly 

less in the mdx:cmah mice compared to mdx and mdx:utr mice. This is consistent with 

published data on the mdx mouse which suggests that there is an early period, 

between the end of the second and up to the fifth week of life, when the mice 

experience histological necrosis and functional weakness. After this critical period, 

regeneration occurs and there are no co-existing clinical features of DMD such as 

scoliosis and heart failure until mice are at least 15 months or older (Bulfield et al. 

1984, Muntoni et al. 1993, Lefaucheur et al. 1995, Chamberlain et al. 2007, Coley et 

al. 2016).  

 

There is limited literature regarding the heterozygous mdx:utr mouse. Like all the 

muscular dystrophy models that were tested in this study, CK levels were significantly 

higher in mdx:utr mice compared with WT mice  and histology also demonstrated 

ongoing inflammation and regeneration from 5 weeks-of-age onwards. However, the 

normalised grip strength of the mdx:utr mice was only lower than WT mice at 3 weeks-

of-age.  Other studies have also reported a variable muscle phenotype. In one study, 

grip duration of the triceps decreased in the mdx:utr mice by 1 month of age compared 

to mdx mice, and persisted throughout the first year, but otherwise muscle function 

was not significantly affected (Huang et al. 2011). Another recent study found the 

mdx:utr to have a shorter latency to fall time in the grip strength test at 3 months-of-

age, but noted no difference by 18 months (Mcdonald et al. 2015).  

 

The muscle data demonstrated in this chapter are consistent with published data 

suggesting that mdx:cmah mice have a more severe muscle phenotype than either 
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mdx or mdx:utr mice with less muscle regeneration seen in this study at both 5 and 7 

weeks-of-age (Chandrasekharan et al. 2010). The only reduction in normalised grip 

strength compared to WT mice at 7 weeks-of-age was seen in the mdx:cmah and 

linear regression demonstrated an association of both age and mdx:cmah genotype 

with increased serum CK level. It is thought that lower levels and reduced functionality 

of the DGC and metabolic accumulation of dietary N-glycolyneuraminic acid  

(Neu5Gc) as a consequence of the cmah mutation contribute to a more severe 

muscle phenotype than in the mdx mouse (Chandrasekharan et al. 2010).  

 

The results in this chapter do not support the chapter hypothesis that ‘growth and GP 

chondrogenesis are impaired in all muscular dystrophy mouse models when 

compared to WT mice and more severely in the mdx:cmah mouse model’. Despite 

the obvious muscle phenotype there was no evidence of growth retardation in any of 

the models. No differences in growth were seen between mdx and WT mice, either 

using crude measures of change in bodyweight, crown-rump and tail length, or at the 

GP using static or dynamic histomorphometric techniques. The growth phenotype of 

the mdx model has not previously been studied in detail but available data are mixed. 

One study found that mdx mice became obese as they aged (Connolly et al. 2001) 

whilst another (Radley-Crabb et al. 2014) found that overall growth was blunted in 

juvenile mdx mice, with bodyweight and femur and tibia length being significantly 

reduced in 4-5 week-old mdx mice, but not when assessed in adulthood (14 weeks-

of-age) compared to WT mice. In contrast, but consistent with the data presented in 

this chapter are data from a study which analysed the growth of young mdx mice 

(Nakagaki et al. 2011).  In this study the authors reported no significant difference in 

femur length between mdx and WT 3-week-old mice. Similarly, the results in this 

chapter show no suggestion of a growth phenotype in mdx:utr mice, with no 

differences seen in growth rates at the GP, on anthropometry or in tibial length. There 

are currently no published growth data for the heterozygous mdx:utr mice with which 

to compare the data of this chapter.  

 

This is the first time that the growth phenotype of the mdx:cmah mouse have been 

described. Rather than displaying the most marked growth retardation in accordance 

with the hypothesis, this discussion will instead focus on the possible mechanisms for 
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the observed catch-up growth in the mdx:cmah mice. Despite being bred in exactly 

the same conditions and during the same season, the mdx:cmah mice were 

unexpectedly 2.0g lighter than the WT mice at 3 weeks-of-age (p=0.02) but 

demonstrated an increased growth velocity or ‘catch-up’ growth, such that by 7 

weeks-of-age, they were 3.0g heavier than WT (p=0.02). The catch-up growth was 

demonstrated using several different techniques. There was a larger increase in both 

BW and crown-rump length between 3 and 5 weeks-of-age and a significantly higher 

longitudinal BFR at 5 weeks-of-age (using calcein labelling) in the mdx:cmah mice 

compared to WT mice.  There was also a 175% increase in length of the mineralising 

zone of mdx:cmah E19 metatarsals after 7-days of culture, although there was no 

change in overall metatarsal length.  Further evidence for this catch-up growth from 

the PCR osteogenesis array data will also be discussed in Chapter 4.  

 

Although GP height was not significantly different between the mdx:cmah and WT 

mice despite other parameters being suggestive of an increased growth velocity, it 

has been suggested that GP height may be misleading when used as the sole 

parameter to quantitate effects on skeletal growth, as it does not necessarily change 

in proportion to growth rate (Hunziker et al. 1994). Similarly, although tibial length was 

unchanged by genotype, the single, cross-sectional measurement cannot be used to 

demonstrate growth velocity which would likely be higher in mdx:cmah mice. Ideally, 

length of the tibia would be recorded longitudinally in-vivo at several time points during 

the study, for example by x-ray or DXA, to enable change in length to be calculated 

(Iida-Klein et al. 2003). This facility was not available during this study, however, and 

also has associated limitations as the associated radiation exposure may also impact 

on growth (Mustafy et al. 2018).   

 

The precise aetiology of the catch-up growth in the mdx:cmah mouse is unclear, but 

it appears to be initiated prior to 5 weeks-of-age.  It does appear to be a consequence 

of the additional cmah mutation as the mdx mice do not show the same trait. The 

smaller absolute bodyweight in the youngest mdx:cmah mice may be a reflection of 

several factors, including poorer general health in the mothers prior to or during 

pregnancy or a problem pre- or peri-weaning in the offspring. Consistent with this, the 

mdx:cmah mice were much harder to breed than expected with a lower frequency of 
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litters and a higher than expected number of pre-wean deaths.  According to the 

Barker hypothesis and the developmental origins of health and disease, 

predisposition to the development of the metabolic syndrome begins in utero with 

changes occurring during critical periods of foetal development that promote survival 

of the foetus in an adverse intrauterine environment which can have a lasting impact 

on health in later life and the development of the metabolic syndrome (Hales et al. 

2001, Barker 2004). The mdx:cmah mice in this study were smaller than expected for 

the C57BL10 background genetic strain and displayed catch-up growth in keeping 

with the ‘thrifty phenotype’ Although the exact aetiology and role of the additional 

cmah mutation remains unclear, cmah-null mouse models have been proposed as 

one of the best to mimic the human metabolic disorder phenotype (Kwon et al. 2015). 

A recent study reported that cmah-null mice fed a high fat diet exhibit fasting 

hyperglycaemia and glucose intolerance and postulated that the cmah mutation 

contributes to pancreatic β-cell dysfunction in mice (Kavaler et al. 2011). Similarly, 

several genes responsible for glycolysis and gluconeogenesis were significantly 

upregulated in cmah-null mouse livers (Kwon et al. 2014). It is possible that 

mitochondrial dysfunction caused by oxidative stress may be either a cause or 

consequence of insulin resistance (Kwon et al. 2015). It was unfortunately not 

possible within the time constraints of this study to investigate the metabolic function 

or cause of the catch-up growth of the cmah:mdx mice in greater detail.  This study 

demonstrated glucose levels that are consistent with other published data from the 

mdx mice (Strakova et al. 2018) but no significant difference in non-fasted serum 

glucose level by genotype. However, as the mice were very young, not fasted prior to 

cull and had not been stressed (for example by glucose tolerance test), it was not 

possible to speculate further regarding their insulin sensitivity or underlying metabolic 

function.  

 

Financial and time restrictions prevented the use of a WT:cmah-/- control group of 

mice and therefore  the role and significance of the cmah mutation independently of 

the mdx is unclear. However, the purpose of this chapter was to characterise the 

growth of mouse models of muscular dystrophy with the aim of determining the most 

appropriate model to use during the latter stages of the project.  
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In summary, the data have indicated that none of the muscular dystrophy mouse 

models studied demonstrated growth retardation when assessed at 3, 5 or 7 weeks-

of-age. In particular, the mdx:cmah mouse is not an appropriate model to mimic the 

intrinsic growth failure seen in patients with DMD, as it appears to demonstrate catch 

up growth. The next chapter seeks to determine whether any of the muscular 

dystrophy mouse models have impaired skeletal development.  
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4 Characterisation of bone in muscular dystrophy 

mouse models 

4.1 Introduction 

It is recognised that boys with DMD are more susceptible to fractures than an 

equivalent healthy population, whether or not they are on GC (Buckner et al. 2015). 

An older retrospective study performed before GC therapy became included in the 

Standards of Care found that 44% of steroid-naïve DMD boys had sustained a 

fracture (Larson et al. 2000). BMD in adulthood depends predominantly on growth 

and mineralisation of the skeleton and crucially on the bone mass achieved during 

childhood and puberty. In healthy individuals, 80% of bone mass is accrued by 18 

years of age (Bachrach 2001) and a reduced peak BMD in childhood has been 

proposed as one of the strongest predictors of later life fractures (Wood et al. 2015).  

 

There are several factors that may contribute to impaired skeletal development in 

DMD, in addition to GC use. Bone and muscle are intrinsically linked and the 

mechanostat model (Frost 2003) is a widely accepted theory; normal bone mineral 

accrual depends on a regulatory circuit sensing the bone deformations that are 

produced by muscle contractions to regulate osteocyte activity and modulate bone 

strength. The muscle weakness and reduced mobility that occurs in DMD causes 

reduced loading forces on the bone, diminished bone growth and mineral accrual and 

results in the formation of low density bone and low-trauma fractures, i.e. fractures 

that result from mechanical forces that would not ordinarily result in fracture (Feber et 

al. 2012, Matthews et al. 2016). A concise review has recently been published 

describing the muscle-bone interaction (Veilleux et al. 2017). It is of great significance 

to the DMD population that up to half are estimated to lose ambulation after their first 

fracture, as this is associated with loss of independence and a considerable reduction 

in quality of life. In addition, loss of ambulation can lead to a further reduction in bone 

mass (Larson et al. 2000). Once a patient becomes non-ambulatory and no dynamic 

or gravitational bone loading occurs, the fine balance between bone resorption and 

formation is shifted and resorption exceeds formation; a phenomenon often termed 

disuse osteoporosis (Takata et al. 2001). In support of this, retrospective data from 

the Muscular Dystrophy Surveillance, Tracking and Research network combining 
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DMD and Becker muscular dystrophy patients shows that full-time wheelchair use 

increased the risk of first fracture by 75% for every 3 months of use (James et al. 

2015). 

 

Vitamin D is essential for skeletal health through its regulation of calcium and 

phosphate absorption and may also have an additional role in muscle strength 

(Tomlinson et al. 2015). Despite most boys with DMD receiving vitamin D 

supplementation as per guidelines, insufficient levels are often detected (Alshaikh et 

al. 2016). Vitamin D absorption is further impaired by GC use (Patschan et al. 2001).  

 

Testosterone acts via its conversion to 5-a dihydrotestosterone or oestradiol to 

enhance osteoblast differentiation and action and reduce osteoclast activity 

(Sinnesael et al. 2011). Puberty is a crucial time for bone mineral accrual and pubertal 

timing is an important determinant of peak bone mass. It is often delayed in many 

childhood chronic conditions and is almost universally delayed or absent in GC-

treated DMD (Bianchi et al. 2011; Wood et al. 2015; Wood et al. 2015). Over half of 

patients were found to have low testosterone levels when measured in 59 men with 

different dystrophinopathies (Al-Harbi et al. 2008).  

 

The inflammatory process and cytokine release associated with muscular dystrophies 

may also contribute further to low BMD, as described in other chronic diseases 

(Joseph et al. 2016). In particular in DMD, the activation of the NF-Kb pathway may 

also cause altered muscle metabolism and activation of osteoclastogenesis 

(Morgenroth et al. 2012). 

 

There are some data to suggest that there is abnormal osteoblast function in DMD. 

Bone healing was investigated after making an incision over the tibia in three different 

strains of muscular dystrophy mice (mdx; mdx:utr+/-; mdx:utr-/-).  µCT was performed 

on anaesthetised mice at 5 weeks-of-age and delayed bone healing was 

demonstrated in the mdx:utr-/- mice (Isaac et al. 2013). This delay in bone healing 

suggests that a deficiency in osteoblast function may exist. A reduction in all bone 

formation markers as well as bone resorption markers has also been shown in DMD 

patients (Söderpalm et al. 2007). Furthermore, a recent study in which human primary 
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osteoblasts were incubated with either 10% of DMD or normal human sera showed 

that mRNA expression levels of osterix, an early osteoblast transcription factor and 

osteocalcin, a mature osteoblast secreted matrix protein, were significantly decreased 

in DMD sera supplemented cultures (Rufo et al. 2011). These authors also reported 

a decrease in expression of other osteogenic factors including various BMPs (Rufo et 

al. 2011). Using µCT in the same study, a lower osteoblast surface per bone surface 

and lower mineral apposition rate (MAR) were found in mdx mice compared to WT 

mice, further suggesting impaired osteoblast formation and/or function.  

 

4.1.1 Bone marrow adipose tissue (BMAT) in DMD 
Since osteoblasts and adipocytes derive from the same population of mesenchymal 

stem cells (MSC), a shift away from the osteoblast lineage possibly via less osterix 

expression, would send more cells down the adipocyte lineage (Hong et al. 2005). In 

keeping with this, increases in BMAT are seen in ageing-associated osteoporosis and 

after GC treatment (Vande Berg et al. 1999).  Unpublished data from the Glasgow 

Developmental Endocrinology Research Group has also shown an increase in 

vertebral bone marrow adiposity in GC-treated patients with DMD. 

(https://slideplayer.com/slide/12570222/) 
 

4.1.2 Rationale for studying skeletal development in mouse models of DMD 
The data regarding skeletal development in mouse models of DMD remain conflicting, 

as discussed in Chapter 1. Some studies have shown a bone phenotype in the mdx 

and mdx:utr mice, while others haven’t, and the skeletal phenotype of mdx:cmah mice 

has never been reported. Results appear to depend on the age of the mice and the 

locations and techniques used to assess bone structure and function. It is important 

to characterise skeletal development in GC-naïve muscular dystrophy mouse models 

in order to elucidate the mechanism behind any potentially disordered bone 

development and to generate more information before the trial of potentially suitable 

therapies in patients with DMD.  

 

4.2 Hypothesis 

Bone development is impaired in all DMD models when compared to WT mice, and 

more severely in the mdx:cmah mouse model.  
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4.3 Aims 

1. Assess bone structure and density.  

2. Assess biomechanical properties of bone.  

3. Quantify bone marrow adipose tissue. 

All studies will compare male WT and muscular dystrophy mouse models (mdx, 

mdx:utr and mdx:cmah).
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4.4 Material and Methods 

 

4.4.1 Micro computed tomography (µCT) 

µCT was carried out according to the protocol described in Section 2.4.4. One of the 

potential limitations when using very young and small mice is that the type of bone 

within the ROI may vary dependent on bone length if a constant number of slices is 

analysed from a fixed landmark. For this reason the analysis was repeated after 

adjusting for length in the youngest mice. 

Tissue mineral density (TMD) is the density measurement restricted to within the 

volume of calcified bone tissue, and is most appropriate when estimating the density 

of cortical bone, whereas the combined density of a well-defined volume which 

contains a mixture of both bone and soft tissue, such as a selected volume of 

trabecular bone in a tibia, is usually referred to as BMD (Bouxsein et al. 2010). During 

this chapter, TMD calculations were made using the cortical ROI defined in Section 

2.4.4. 

 

4.4.2 Biomechanical properties assessed by 3-point bending 

3-point bending was performed on all tibiae as soon as possible after µCT analysis, 

as described in Section 2.4.5. 

 

4.4.3 Assessment of bone turnover markers by ELISA 

Serum aCTx and P1NP levels were measured as described in Section 2.4.6. All 

samples for the characterisation study were taken from mice at either 3 or 5 weeks-

of-age. Samples from mdx and mdx:cmah mice at 8 weeks-of-age were also taken 

for use as controls in the GC study (Chapter 5). Results have also been shown in this 

chapter to demonstrate the age-related changes seen. As the mdx:utr mouse was not 

used in the GC study, there are no results available for older mice (8 weeks-of-age) 

of this strain..  

 

4.4.4 Static histomorphometry 
Static histomorphometry was performed on paraffin-embedded, decalcified sections 

of tibiae from mice culled at 5 weeks-of-age. A combination of TRAP activity and fast-
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red staining was used to enable osteoclast number to be determined. TNAP IHC was 

used to identify osteoblasts, see Section 2.4.13 for further details. The ROI included 

only metaphyseal trabecular bone which extended from 50µm below the GP and 

within the endocortical bone boundary. Osteoblast and osteoclast number per bone 

surface were determined using BioqantOsteo v 17.2.6 (Bioquant Image Analysis 

Corp, Nashville, Tennessee, USA).  

 

4.4.5 Bone marrow adipose tissue (BMAT) quantification  
All bones were taken from mice that were 7 weeks-of-age at the time of cull. This age 

was chosen as there is more normative data available in older mice and also to ensure 

that there was sufficient BMAT present to enable any genotype-specific differences 

to be determined.  In order to analyse BMAT within tibiae, for which there is the most 

normative data available, additional mice (mdx, mdx:cmah, and WT) were bred to 

allow BMAT quantification, as both tibiae from the initial study had been used (one for 

µCT and 3-point bending, the other for paraffin embedding). Mdx:utr mice were not 

used for BMAT quantification as this colony of mice had been closed down after the 

decision had been made not to use them for the later interventional studies within this 

project. Bones were decalcified and scanned for marrow volume, then stained with 

osmium and rescanned to assess BMAT volume, as described in Section 2.4.14.  

Layers of 5 tibiae were arranged in parallel in 1% agarose in a 30ml universal and 

scanned together to minimise the scan time required. Any bones which ruptured 

during embedding or scanning were excluded from analysis due to possible loss of 

BMAT.  This left 5 bones from WT and mdx mice and 6 from mdx:cmah mice that 

were suitable for analysis.  

 

4.4.6 PCR Osteogenesis pathway array – transcriptomic analysis 
RNA was extracted from the right humerus of mice culled at 7 weeks-of-age, as 

described in Section 2.5.1 and then reverse transcribed (Section 2.5.2). The cDNA 

was used for the real-time RT2 profiler PCR osteogenesis pathway array and mean 

threshold cycle values (CT) were calculated. The fold changes in gene expression 

were commuted relative to a housekeeping gene (Gapdh) using the DDCT method 

(section 2.5.3). A cut off for fold regulation of 2 and p-value of 0.05 were used 

throughout. 
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4.4.7 Immunohistochemistry 
Selected findings from the transcriptomic analysis (Section 4.4.6) were validated 

using a standard indirect IHC procedure to detect IGF-1 and MMP-10 protein 

expression in the GP and metaphyseal bone of tibiae from 7-week-old mice as 

described in Section 2.4.9. After the images were captured using Fiji, the 

haematoxylin-DAB colour deconvolution plugin was used to separate the 

haematoxylin and DAB components and the ‘analyse-measure’ tool used to 

determine the absorbance in a consistent region of each sample, containing both GP 

and metaphyseal bone. Optical density (OD) was then calculated using the equation: 

OD= negative (base10)log of mean intensity of transmitted 

image/illumination (max intensity of image) 

Maximum intensity was taken to be 255 for 8-bit images in Fiji (Ruifrok et al. 2001). 

 

4.4.8 Assessment of alkaline phosphatase activity in MSC-derived culture 
Both femurs were dissected from an mdx:cmah and corresponding WT mouse at 7 

weeks-of-age. The oldest mice were chosen in order for the femurs to contain 

sufficient bone marrow for extraction. From experience during RNA extraction, the 

younger mice had very limited volumes of bone marrow and it was felt likely that this 

would be insufficient to enable isolation of bone marrow stromal cells (MSC). MSCs 

were isolated as described in Section 2.6.1 and cultured. After 3 weeks culture in 

osteogenic differentiation, measurement of alkaline phosphatase (ALP) activity was 

performed. The plates were scanned and the images digitised. Using Fiji, the % of 

ALP +ve area and number of ALP +ve particles was calculated for each well of every 

plate and then a mean calculated for the mdx:cmah mice and compared to WT mice.  
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4.5 Results 

 

4.5.1 Trabecular bone parameters assessed by µCT 

Overall there were no consistent trends seen by genotype during the µCT analysis of 

trabecular bone. A small reduction in trabecular tissue volume was seen in the 

mdx:cmah mice compared to WT mice at both 3 (p<0.001) and 7 weeks-of-age 

(p<0.001), see Table 4-1. However, as bone volume did not vary significantly between 

groups at any age examined, the overall % bone volume/tissue volume remained 

similar between groups at all ages (Table 4-1 and Figure 4-1). There were no 

consistent changes in trabecular number, thickness or separation by genotype.  

 

Connectivity is a 3-dimensional measure of the number of inter-trabecular 

connections, normalised by tissue volume (Odgaard et al. 1993). It was significantly 

lower in mdx:utr mice at 5 weeks and mdx:cmah mice at both 5 and 7 weeks-of-age 

when compared to WT mice (Table 4-1).  

 

Structural model index (SMI) is an estimation of the plates and rod characteristic of 

trabecular bone and a suggestion of the shape of the trabeculae and therefore of its 

ability to provide mechanical support. An SMI of zero would represent a plate whereas 

one of 3 would show a perfect cylinder. SMI was broadly similar by genotype, it was 

only lower in the mdx:utr mice at 3 weeks-of-age compared to WT (p<0.05).  

 

There were no signficiant differences between the length-adjusted and unadjusted 

values (see Appendix V for adjusted data). 

 

4.5.2 Cortical bone parameters assessed by µCT 
Few structural changes were observed in the cortical bone of the muscular dystrophy 

mice compared to WT mice (Figure 4-2 and Table 4-3). TMD was higher in mdx:cmah 

mice at 3 and 7 weeks-of-age (p<0.05 and <0.01, respectively) and in mdx:utr mice 

at 5 weeks-of-age (p<0.01) when compared to WT mice (Table 4-2).  

 

Cortical bone area and cortical bone fraction were significantly lower in 3-week-old 

mdx:cmah mice compared to WT mice; this is shown in the representative images in 
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Figure 4-3(i). This trend was reversed, however, by 5 and  7 weeks-of-age, where 

cortical bone fraction was significantly greater in all of the muscular dystrophy models 

(p<0.05 for all) compared to WT mice, see Figure 4-2(C) and (D), although the actual 

difference was small (62.0% WT vs 64-65.0% in muscular dystrophy models).  

 

There was no significant difference between cortical bone parameters that were 

adjusted for tibia length at 3 weeks-of-age and the unadjusted data, (see Appendix V 

for adjusted data). 

 

Figure 4-3 shows that the cortices in all groups looked immature at 3 weeks-of-age 

and were less uniform than at 5 and 7 weeks-of-age. This is consistent with the 

marked increase in cortical bone fraction seen in older mice (Figure 4-2 (D)). 

 

4.5.3 Biomechanical properties assessed by 3-point bending 

After µCT, bones were subjected to the 3-point bending test to assess the 

biomechanical properties of the bone. As expected, the overall trend was that 

maximum load, deflection at maximum load and stiffness increased with age (Table 

4-4). Consistent with the small structural changes observed in the trabecular and 

cortical compartments, there were no significant differences in the biomechanical 

properties of WT and muscular dystrophy model bones, except for a small reduction 

in deflection at maximum load at 5 weeks seen in mdx:cmah mice compared to WT 

mice. This trend was also seen at 3 and 7 weeks-of-age but did not reach statistical 

significance.  

 

Results for work to maximum load, load at rupture and deflection at rupture are not 

shown but also display the same trend by age and genotype. 
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Figure 4-1. Trabecular bone parameters assessed by µCT in mice culled at 7 weeks-

of-age. n=6 in each group except for mdx:utr at 5 weeks where n=5. 

A and C) show that bone volume and % bone volume/ tissue volume were similar 

between groups despite  

B) show that mdx:cmah mice have a smaller trabecular tissue volume.  

Data are presented as mean (+/- standard deviation), *** denotes p<0.001 when 

compared to WT mice.
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Mouse type 3 weeks at cull 5 weeks at cull  7 weeks at cull 

Tissue volume, in mm3 (SD) 
WT 1.48 (0.27)                1.91 (0.36)                 2.38 (0.16)                 
mdx 1.24 (0.09)             1.90 (0.15)                 2.15 (0.35)         
mdx:utr 1.17 (0.09)               1.79 (0.27)  2.37 (0.22)                   
mdx:cmah 1.03 (0.22) *** 1.54 (0.19) 1.84 (0.14) *** 

Bone volume, in mm3 (SD) 
WT 0.11 (0.03)                 0.19 (0.05) 0.32 (0.07)                 
mdx 0.08 (0.02)                0.16 (0.04)            0.24 (0.08)                 
mdx:utr 0.08 (0.01)                 0.14 (0.04)  0.25 (0.07)                   
mdx: cmah 0.08 (0.02) 0.16 (0.03) 0.25 (0.05) 

BV/TV % (SD) 
WT 6.78 (0.79)                 9.71 (1.61)                 13.28 (2.34)                 
mdx 6.55 (1.17)                 8.36 (1.55)               11.16 (2.23)                 
mdx:utr 6.82 (1.10)                 7.83 (1.32)  10.49 (1.90)                   
mdx: cmah 8.30 (1.15) 10.36 (1.88) 13.54 (2.24) 

Trabecular thickness, in mm (SD) 
WT 0.03 (0.003)                  0.04 (0.003)               0.04 (0.001)                
mdx 0.03 (0.002)                  0.04 (0.001)               0.04 (0.002)                
mdx:utr 0.03 (0.002)                0.04 (0.002) 0.04 (0.001)                
mdx: cmah 0.03 (0.001) 0.04 (0.002) 0.05 (0.003) *          

Trabecular separation, in mm (SD) 
WT 0.30 (0.05)                  0.24 (0.05)               0.18 (0.02)                 
mdx 0.37 (0.07)                0.26 (0.04)              0.21 (0.02)                 
mdx:utr 0.36 (0.03)                0.30 (0.06) 0.20 (0.02)                 
mdx: cmah 0.29 (0.46) 0.23 (0.02) 0.19 (0.01) 

Trabecular number, in 1/mm (SD) 
WT 2.04 (0.15)                  2.64 (0.43)               3.10 (0.43)                 
mdx 2.08 (0.42)                  2.17 (0.39)            2.67 (0.44)                 
mdx:utr 2.06 (0.38)                  1.96 (0.29) * 2.62 (0.45)                 
mdx: cmah 2.66 (0.45) * 2.54 (0.35) 2.96 (0.41) 

Structural Model Index (SD) 
WT 2.32 (0.08)                  2.19 (0.10)               2.14 (0.10)                 
mdx 2.20 (0.10)              2.31 (0.11)               2.18 (0.07)                 
mdx:utr 2.15 (0.10) *           2.31 (0.06) 2.21 (0.14)                 
mdx: cmah 2.19 (0.09) 2.15 (0.13) 2.07 (0.19) 

Connectivity (SD) 
WT 618.9 (121.4)                867.3 (221.4)      1042.6 (195.2) 
mdx 516.5 (147.2) 702.6 (136.8)               818.1 (207.2)                 
mdx:utr 429.6 (108.8) 554.4 (78.1) * 897.5 (177.2)                 
mdx: mah 561.8 (72.5) 527.5 (107.8) ** 723.3 (85.0)*** 

 

Table 4-1 Trabecular parameters assessed by µCT. Data are presented as mean (+/- 

standard deviation), * denotes p<0.05, ** p<0.01, *** p<0.001 when compared to WT 

mice. n=6 in each group except for mdx:utr at 5 weeks where n=5. 
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Mouse type Tissue mineral density in g/cm3  (SD) 

 3 weeks at cull 5 weeks at cull  7 weeks at cull 

WT 1.04 (0.04)        1.14 (0.12) 1.19 (0.08)  

Mdx 1.02 (0.09) 1.16 (0.10) 1.25 (0.18)         

Mdx:Utr 1.13 (0.18)     1.38 (0.02) ** 1.15 (0.03)            

Mdx: Cmah 1.19 (0.04) * 1.24 (0.03) 1.32 (0.05) ** 

 

Table 4-2  Tissue mineral density assessed by µCT. Data are presented as mean (+/- 

standard deviation), * denotes p<0.05, ** p<0.01 compared to WT mice. n=6 in each 

group except for mdx:utr at 5 weeks where n=5. 
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Figure 4-2 Cortical parameters assessed by µCT. n=6 in each group except for mdx:utr at 5 weeks where n=5. A, B and C) show 

cortical bone and tissue volume at 7 weeks-of-age. There was no significant change in (A) cortical bone or (B) cortical tissue volume,  

but in combination, there was a significantly higher cortical bone fraction (C) in all muscular dystrophy models. D) shows an increase in 

cortical bone fraction with age in all mouse models. E) Tissue mineral density was higher in mdx:cmah mice at 7 weeks-of-age 

(p<0.01) when compared to WT mice. Data are presented as mean (+/- standard deviation), * denotes p<0.05, ** p<0.01 compared to 

WT mice. 
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Table 4-3 µCT of cortical bone parameters. * denotes p<0.05 compared to WT 

mice. n=6 in each group except for mdx:utr at 5 weeks where n=5.

Mouse type 3 weeks at cull 5 weeks at cull  7 weeks at cull 
 
 

Cortical tissue area, mm2 (SD) 
WT 0.62 (0.09)                 0.71 (0.08)                 0.94 (0.06)                 
mdx 0.56 (0.05)         0.81 (0.07)              0.92 (0.10)                 
mdx:utr 0.54 (0.06)              0.81 (0.05) 0.97 (0.08)                 
mdx:cmah 0.54 (0.07)  0.76 (0.06) 0.96 (0.08) 

Cortical bone area, mm2 (SD) 
WT 0.29 (0.07)                    0.41 (0.07)                 0.58 (0.07)                
mdx 0.25 (0.03)                    0.48 (0.05)                 0.60 (0.07)                
mdx:utr 0.25 (0.03)                  0.49 (0.02) 0.63 (0.05)                
mdx:cmah 0.22 (0.03) * 0.46 (0.05) 0.62 (0.07)  

Periosteal perimeter, in mm (SD) 
WT 3.01 (0.22)                    3.16 (0.21)                 3.74 (0.11)                
mdx 2.85 (0.13)                    3.42 (0.16)                 3.69 (0.22)                
mdx:utr 2.81 (0.18)                    3.45 (0.10) 3.80 (0.16)                
mdx:cmah 2.78 (0.20) 3.38 (0.19) 3.78 (0.17) 

Endosteal perimeter, in mm (SD) 
WT 2.20 (0.11)                    2.09 (0.09)                 2.33 (0.09)                
mdx 2.19 (0.11)                    2.21 (0.09)                 2.21 (0.17)                
mdx:utr 2.08 (0.09)                    2.19 (0.12) 2.23 (0.12)                
mdx:cmah 2.15 (0.19) 2.09 (0.09) 2.22 (0.07) 

Cortical tissue volume, in mm3 (SD) 
WT 0.45 (0.20)                  0.59 (0.14)               0.71 (0.23)                 
mdx 0.34 (0.16)                  0.72 (0.06)               0.68 (0.20)                 
mdx:utr 0.45 (0.14)                  0.73 (0.05) 0.51 (0.20)                 
mdx:cmah 0.48 (0.06) 0.69 (0.06) 0.86 (0.08) 

Cortical bone volume, in mm3 (SD) 
WT 0.22 (0.11)                  0.34 (0.09)               0.44 (0.15)                 
mdx 0.15 (0.07)                  0.43 (0.04)               0.44 (0.12)                 
mdx:utr 0.20 (0.06)                  0.44 (0.02) 0.33 (0.13)                 
mdx:cmah 0.20 (0.03) 0.41 (0.04) 0.56 (0.07) 

Cortical bone fraction (%) (SD) 
WT 46.62 (4.55)                    56.63 (5.57)               61.98 (1.66)                 
mdx 44.56 (3.30)                  59.31 (1.51)               65.30 (2.20)  * 
mdx:utr 45.76 (1.02))                    59.56 (2.50) 65.50 (2.09)  * 
mdx:cmah 41.46 (4.50) * 60.10 (1.61)  64.64 (2.64)  *             

Cortical thickness, in mm (SD) 
WT 0.50 (0.08)                  0.52 (0.06)               0.51 (0.08)                 
mdx 0.46 (0.08)                  0.55 (0.02)               0.49 (0.07)                 
mdx:utr 0.48 (0.07)                  0.55 (0.03) 0.43 (0.06)                 
mdx:cmah 0.54 (0.04) 0.54 (0.02) 0.55 (0.02) 

Mean polar moment of inertia, in mm4 (SD) 
WT 0.05 (0.02) 0.06 (0.02)          0.12 (0.02)      
mdx 0.04 (0.01)               0.09 (0.01)        0.12 (0.03)    
mdx:utr 0.03 (0.01)           0.09 (0.01)   0.14 (0.02)  
mdx:cmah 0.03 (0.01) 0.08 (0.01)  0.13 (0.03)  

Mean eccentricity (SD) 
WT 0.57 (0.10)                    0.55 (0.15)                0.52 (0.09)                 
mdx 0.47 (0.11)                    0.60  (0.07)               0.59 (0.11)                 
mdx:utr 0.61 (0.10)                    0.63 (0.03) 0.56 (0.07)                 
mdx:cmah 0.58 (0.10) 0.53 (0.06)  0.57 (0.11)  
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Figure 4-3 Representative µCT images of tibiae from all genotypes at 3, 5 and 7 

weeks-of-age to show bone development and increased homogeneity and bone 

fraction with age (n=6 in each group except for mdx:utr at 5 weeks where n=5):  

(i) upper rows show mid diaphysial cortical bone 

(ii) lower rows show metaphyseal trabecular bone
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4.5.4 Assessment of bone turnover markers by ELISA 

In all genotypes, serum levels of both P1NP (bone formation marker) and aCTX (bone 

resorption marker) were lower in the older mice (co-eff -6.29, p=0.009 and co-eff -

2.55, p=0.000 respectively in a linear regression model, using age as the dependent 

variable).  This is consistent with the marked reduction in bone modelling seen after 

puberty, which was demonstrated in Figure 3-7. There was no significant difference 

in P1NP values by genotype at either age (Table 4-5).  However, aCTX levels were 

significantly higher in serum from 3-5 week-old mdx:cmah mice (p=0.002), whereas  

serum samples from mice taken at 8 weeks-of-age were similar in all genotypes.  

 

4.5.5 Static histomorphometry 

There were no significant differences in either osteoclast or osteoblast number/ bone 

surface by genotype (Figure 4-4).  

 

4.5.6 Bone marrow adipose tissue (BMAT) quantification by µCT 

Individual images of bones from mice scanned at 7 weeks-of age show the distribution 

of BMAT within the marrow cavity of WT, mdx and mdx:cmah mice (Figure 4-5, A-C).  

There was no overall difference in the proportion of total MAT within the marrow cavity 

by genotype (Figure 4-5, E). There was, however, a significant increase in rMAT in 

both muscular dystrophy models assessed (mdx and mdx:cmah) compared to WT 

mice, (Figure 4-5, F), and a reduction in the proportion of cMAT compared to that in 

WT mice (Figure 4-5, G).  The data are summarised in Table 4-6. 

 

4.5.7 PCR Osteogenesis pathway array – transcriptomic analysis 

In diaphyseal bone from 7 week-old-mice, PCR array revealed between 2 and 3.75 

fold upregulation in the expression of Mmp-10 and BMP receptor type 1b (Bmpr1b) 

genes in all muscular dystrophy models compared to WT mice (Table 4-7). In 

addition, in the mdx:cmah mice, there was increased expression of many growth 

factors compared to WT mice. In particular, there was increased expression of Igf-1 

(30-fold), Igf1R (10-fold) and vascular endothelial growth factor A (Vegfa; 32-fold), 

see Table 4-7. 
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Mouse type 3 weeks at cull 5 weeks at cull  7 weeks at cull 

Maximum load, in N (SD) 
WT  3.16 (1.68)                 7.42 (3.11)                 6.87 (4.57)                  

mdx  5.33 (8.12)                 5.16 (0.80)  9.30 (2.94)                

mdx:utr 3.69 (3.76)                 4.49 (0.55)  10.62 (3.01)                

mdx:cmah 1.77 (0.37) 4.47 (1.17)  7.10 (0.92) 

Deflection at max load, in mm (SD) 
WT 1.21 (0.15)                    1.58 (0.66)               1.07 (0.58)                

mdx 1.92 (1.36)                    1.07 (0.51) 1.31 (0.58)                

mdx:utr 1.14 (0.37)                    1.19 (0.06) 1.61 (0.70)                

mdx:cmah 0.69 (0.31) 0.72 (0.26) * 0.74 (0.28) 

Stiffness, in Nmm (SD) 
WT 19.24 (16.6)                 33.41 (28.41)              37.27 (3.44)               

mdx 11.27 (12.6)                 17.11 (5.21) 25.69 (14.18)               

mdx:utr 14.84 (14.3)               11.39 (3.21) 25.59 (15.25)               

mdx:cmah 9.09 (5.92) 17.20 (6.87) 19.46 (4.65) 

Table 4-4 Biomechanical properties assessed by 3-point bending. 

Data are presented as mean (+/- standard deviation), * denotes p<0.05 compared to 

WT mice. n=6 in each group except for mdx:utr at 5 weeks where n=5. 

 
 

Mouse 
type 

P1NP (pg/ml) 
3-5 weeks  

P1NP (pg/ml) 
8 weeks  

aCTx (pg/ml) 
3-5 weeks  

aCTx (pg/ml) 
8 weeks  

WT 394.84 (151.22) 209.87 (60.03) 181.70 (78.51) 102.52 (86.56) 

mdx 642.85 (92.10) 316.67 (134.48) 178.42 (69.30) 132.38 (52.38) 

mdx:utr 487.58 (241.93) Not done 181.60 (55.74) Not done 

mdx:cmah 384.21 (57.76) 169.12 (89.58) 406.36 (46.51)** 145.41 (96.95) 

Table 4-5 Bone turnover markers by genotype. Data are presented as mean (+/- 

standard deviation), ** denotes p<0.01 compared to WT mice. n=6 in each group 

except for mdx:utr at 5 weeks where n=5. 
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Figure 4-4 Histomorphometric analysis of osteoclast and osteoblast number in 

muscular dystrophy mouse models culled at 5 weeks-of-age. n=6 in each group 

except for mdx:utr at 5 weeks where n=5. 
A) Representative TNAP activity within cuboidal shaped osteoblasts (arrow) on 

trabecular bone surface of the proximal tibia metaphysis of 5-week-old mdx 

mouse.  

B) Representative TRAP activity (arrow) and fast-red stained image of trabecular 

bone from proximal tibia metaphysis of 5-week-old mdx mouse.  

C) Quantification of osteoblast number/bone surface by genotype at 5 weeks-of-

age 

D) Quantification of osteoclast number/bone surface by genotype at 5 weeks-of-

age
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Figure 4-5 Three-dimensional µCT reconstructions of 7-week-old osmium-stained 

tibiae from: A) WT (n=5) B) mdx (n=5), C) mdx:cmah (n=6) mice. Bone appears grey, 

MAT is white. D) highlights the MAT regions; regulated marrow adipose tissue (rMAT) 

which lies proximal to tibia/fibula junction and constitutive MAT (cMAT) which lies 

distal to tib-fib junction (dashed line). Marrow cavity volume was determined by µCT 

prior to osmium staining and then rMAT, cMAT and total MAT were calculated as a % 

of marrow cavity (MC) volume of corresponding region. Figures E-G show individual 

data and mean (+/- standard deviation) E) There were no overall differences in the % 

total MAT by genotype. F) shows an increase in % rMAT in mdx and mdx:cmah mice 

compared to WT mice G) shows a reduction in % cMAT in mdx and mdx:cmah mice 

compared to WT mice. * denotes p<0.05, **p<0.01 compared to WT mice.
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Genotype rMAT % (SD) cMAT % (SD) Total MAT % (SD) 

WT 0.02 (0.015) 84.47 (4.25) 11.44 (0.41) 

mdx 3.30* (2.34) 25.74** (28.82) 7.26 (3.60) 

mdx:cmah 3.76** (1.88) 47.80** (17.06) 11.28 (3.30) 

 
Table 4-6 Proportion of MAT occupying marrow cavity (%), by genotype and region 

of bone studied. Data are presented as mean (+/- standard deviation), * denotes 

p<0.05, **p<0.01 compared to WT mice. n=5 in WT and mdx groups and n=6 in 

mdx:cmah. 

rMAT: regulated marrow adipose tissue, cMAT: constitutive marrow adipose tissue. 
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4.5.8 Immunohistochemistry  

Selected findings from the transcriptomic gene profiling were validated using IHC to 

confirm the presence of IGF-1, BMPR1b and MMP-10 protein in paraffin-embedded 

tibiae sections. MMP-10 and BMPR1b were chosen as they were found to be 

upregulated in all muscular dystrophy mouse models. IGF-1 was chosen because it 

is an essential factor in the regulation of post-natal growth, was planned for use as an 

interventional agent in Chapter 6 and showed a marked upregulation of expression in 

the bone of mdx:cmah mice compared to WT mice. 

 

Despite using serial dilutions of primary antibody it was not possible to generate 

robust positive staining compared to control sections (no primary antibody) using the 

BMPR1b antibody (data not shown). MMP-10  was localised to the GP chondrocytes 

and cells of the metaphysis in all sections examined and no genotype-specific 

differences in staining distribution or intensity were noted (Figure 4-6). 

 

IGF-1 was localised throughout all maturation zones of the GP and cells of the 

metaphysis.  In the GP of mdx:cmah mice more chondrocytes were positively stained 

for IGF-1 (Figure 4-7, A) compared to the WT GP where some individual chondrocytes 

and columns of chondrocytes did not stain at all (Figure 4-7, B).  Also the intensity of 

the staining was much stronger in chondrocytes of the mdx:cmah GP compared to 

the control GP.  These findings are in keeping with the results in section 4.5.7. 

Quantification of staining intensity confirmed this greater IGF-1 expression; optical 

density was significantly greater in both the GP and metaphysis in the sections from 

mdx:cmah  mice compared to WT mice (Table 4-8).  The intensity of stain in sections 

from mdx and mdx:utr mice was not significantly different from sections from WT mice 

(Table 4-8). 

 

4.5.9 Assessment of alkaline phosphatase activity in MSC-derived culture 

After 3 weeks (in culture conditions favouring osteogenic differentiation) there were 

no differences in the overall proportion of ALP +ve areas or number of ALP +ve 

particles in the MSCs isolated from mdx:cmah mice compared to WT mice (see 

Figure 4-8 and Table 4-9).
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mdx compared to WT Fold regulation p-value 
Bone morphogenetic protein receptor (Bmpr1b) 2.69 0.041712 
Matrix metallopeptidase 10 (Mmp10) 2.03 0.000014 

mdx:utr compared to WT Fold regulation p-value 
Bone morphogenetic protein 6 (Bmp6) 3.6  0.007723 
Bone morphogenetic protein receptor (Bmpr1b) 2.29 0.000014 
Fibroblast growth factor 2 (Fgf2) 3.16 0.040671 
Integrin alpha M (Itgam) 11.04 0.041707 
Matrix metallopeptidase 10 (Mmp10) 2.39 0.000000 
Noggin (Nog) 3.56 0.005635 

Tumour necrosis factor (Tnf) 2.38 0.000923 

mdx:cmah compared to WT Fold regulation p-value 
Alpha-2-HS-glycoprotein (Ahsg) 3.51 0.038127 
Bone morphogenetic protein 2 (Bmp2) 3.24 0.024496 
Bone morphogenetic protein receptor (Bmpr1b) 3.63 0.000001 
Colony stimulating factor 3, granulocyte (Csf3) 4.05 0.000000 

Epidermal growth factor (Egf) 4.68 0.045871 
Intercellular adhesion molecule 1 (Icam1) 6.18 0.011895 
Insulin-like growth factor 1 (Igf1) 30.58 (A) 0.012304 
Insulin-like growth factor 1 receptor (Igf1r) 9.98 0.047431 
Indian hedgehog (Ihh) 4.08 0.000000 
Integrin alpha 2b (Itga2b) 4.19 0.024383 

Integrin alpha 3 (Itga3) 4.85 0.003215 
Matrix metallopeptidase 10 (Mmp10) 3.75 0.000000 
Matrix metallopeptidase 8 (Mmp8) 7.64 0.005422 
Noggin (Nog) 5.69 0.000823 
SRY-box containing gene 9 (Sox9) 6.18 0.015479 
Tumour necrosis factor (Tnf) 4.11 0.011907 

Vascular cell adhesion molecule 1 (Vcam1) 4.03 0.023302 
Vascular endothelial growth factor A (Vegfa) 32.39 (A) 0.001731 
Vascular endothelial growth factor B Vegfb 7.82 0.037848 

Common to all muscular dystrophy models Fold regulation  
Bone morphogenetic protein receptor (Bmpr1b) 2.29-3.63  
Matrix metallopeptidase 10 (Mmp10) 2.03-3.75  

 
Table 4-7 Transcriptomic results from the osteogenesis gene array.  

(A) Denotes that the gene’s average threshold cycle is relatively high (>30) in either 

the control or the test sample and is reasonably low in the other sample (<30), 

suggesting that the actual fold-change value is at least as large as the calculated 

and reported fold-change result.  n=6 in each group except for mdx:utr at 5 weeks 

where n=5.
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Figure 4-6 (A) Non-specific staining was minimal in control sections in which the 

primary antibody was omitted. (B) MMP-10 (1:100 dilution of primary antibody) was 

localised to the chondrocytes in the GP and to metaphyseal bone of a 7-week-old 

mdx mouse.  
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Figure 4-7 IGF-1 (1:500 dilution of primary antibody) was localised to the 

chondrocytes in the GP and to metaphyseal bone of a 7-week-old (A) mdx:cmah  
and (B) WT mouse. (C) Non-specific staining was minimal in control sections in 

which the primary antibody was omitted.
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Mouse type Optical density GP (SD) Optical density metaphysis (SD) 

WT 0.100 (0.086) 0.084 (0.090) 

mdx 0.104 (0.037) 0.042 (0.035) 

mdx:utr 0.186 (0.025) 0.092 (0.040) 

mdx:cmah 0.241 (0.035)* 0.224 (0.022)** 

 

Table 4-8 Comparison of optical density of IGF-I staining in the GP and metaphysis 

of the tibiae between WT mice and muscular dystrophy mouse models.   

Data are presented as mean (+/- standard deviation), * denotes p<0.05, ** denotes 

p<0.001 compared to WT mice.
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Figure 4-8 MSC colonies that were ALP+ve after culture for 3 weeks in osteogenic 

medium. Examples of:   

A) 6-well plate from MSC colony cultured from femur of WT mouse. 

B) Inset-magnified and thresholded image to show area analysed for % of 

ALP+ve area and number of ALP+ve particles in MSC colony cultured from 

femur of WT mouse. 

C) 6-well plate from MSC colony cultured from femur of mdx:cmah mouse. 

D) Inset- magnified and thresholded image to show area analysed for % of 

ALP+ve area and number of ALP+ve particles in MSC colony cultured from 

femur of mdx:cmah mouse. 

 

 

Mouse type Number of ALP+ve particles Percentage of ALP+ve area 

 

= area 

 

 

WT 2680 (607) 1.34 (0.59) 

mdx:cmah 2567 (742) 1.45 (1.19) 

 
Table 4-9 Quantification of ALP+ve area and particles in WT and mdx:cmah 

cultures. Data are presented as mean (+/- standard deviation).
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4.6 Discussion 
The results in this chapter do not support the hypothesis that ‘bone development is 

impaired in all DMD models when compared to WT mice, and most severely in the 

mdx:cmah mouse model’. Conversely, some evidence of increased bone turnover 

and bone formation were found in the muscular dystrophy mouse models, although 

these changes were not consistent and age and genotype-specific differences were 

noted. These will be discussed further below. 

 

When considering the bone phenotype in mdx mice, a higher cortical bone fraction 

was demonstrated when compared to WT mice, but only at 7 weeks-of-age and no 

differences were disclosed in any other parameters obtained from µCT, 

biomechanical testing or in assessments of bone turnover markers. The increased 

cortical bone fraction may reflect the muscle-bone crosstalk and the potential for an 

adaptive bone response alongside the muscle regeneration in the mdx mouse, as 

discussed in Section 3.6. Published data regarding the bone phenotype in the mdx 

mouse are conflicting and unlike in patients with DMD where bone strength decreases 

with advancing age, the converse appears true in some studies of mdx mice. For 

example a longitudinal study demonstrated lower cortical parameters in mdx mice at 

both 4 and 12 weeks-of-age, with some evidence of recovery by 18 weeks (Anderson 

et al. 1993). This is in keeping with the period of acute muscle necrosis observed in 

mdx mice at 3-4 weeks-of-age followed by subsequent regeneration up until 

approximately 20 months of age, after which time the regenerative capacity reduces 

due to a gradual decline in muscle satellite cell number. One study demonstrated 

osteopenia and reduced strength in the femur of 3 week old mdx mice in the absence 

of muscle degeneration, thus suggesting primary skeletal fragility, whilst another 

attributed the reduced cortical thickness and lower mechanical resistance in the tibia 

of 4 week-old mice to muscle weakness resulting from intense muscle fibre necrosis 

(Anderson et al. 1993, Nakagaki et al. 2011).  At 7 weeks-of-age, a further study found 

that mdx mice displayed compromised bone structure and function compared to WT 

mice (Novotny et al. 2011).  By contrast, other studies have either shown no significant 

differences in any bone structural parameters (as assessed by µCT)  between male 

mdx and WT mice at 6 weeks-of-age (Isaac et al. 2013) or a paradoxical increase in 
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femoral BMD (as assessed by DXA) in 16-week-old female mdx mice compared to 

WT mice (Montgomery et al. 2005).  

 

During this study, no differences in trabecular or cortical bone architecture, bone 

turnover markers or biomechanical properties were observed in the mdx:utr mouse 

when compared to WT mice. Bone structural data was inconsistent and showed 

paradoxically that the TMD was higher in mdx:utr mice compared to WT mice, but 

only at 5 weeks-of-age, while the cortical bone fraction was also greater than that of 

WT mice, but only in those culled at 7 weeks-of-age. There appears to be only one 

publication reporting the bone phenotype in the mdx:utr mouse. This was part of a 

larger study, where it was noted that there was less collagen present in the 

metaphyseal bone of the mdx:utr mouse compared to mdx and WT mice, but this 

study did not extend to the analysis of trabecular and/or cortical bone in the mdx:utr 

or mdx mice under investigation (Isaac et al. 2013). It is therefore difficult to draw 

comparisons between this present study and that of Isaac and colleagues (Isaac et 

al. 2013). 

 

Despite the hypothesis that the mdx:cmah mouse would have the most impaired 

skeletal development of all the muscular dystrophy models examined, results showed 

that the TMD of cortical bone was increased compared to WT mice at both 3 and 7 

weeks-of-age and cortical bone fraction was also higher at 7 weeks-of-age. This may 

partly be due to muscle regeneration as described above in the mdx mouse, but as 

lower levels of regeneration were seen in the mdx:cmah mouse than in mdx and 

mdx:utr mice, it is likely that there are other factors responsible. For example, one 

study demonstrated that the cmah gene is upregulated in adult human stem cells, of 

both haematopoietic and mesenchymal origin. Overexpression of cmah causes 

accumulation of nuclear b-catenin (Nystedt et al. 2009) and associated restriction of 

Wnt signalling. Therefore it is possible that the absence of the cmah gene in the 

mdx:cmah mouse model may cause a reduction in nuclear b-catenin expression and 

unregulated Wnt signalling and thereby promote the osteoblast lineage and bone 

formation (Westendorf et al. 2004).  
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Further evidence of increased bone turnover in the young 3-5-week-old mdx:cmah 

mice was inferred by the significantly higher a-CTX levels compared to WT mice. 

Although the bone formation marker P1NP was not raised at this age, bone formation 

and bone resorption are intrinsically linked and therefore it is likely that the finding of 

increased bone resorption may be a suggestion of a higher bone turnover state but 

other indices of bone formation would be required before such an assertion could be 

made. This possible increased bone turnover rate in the young mdx:cmah mice 

mirrors the catch-up growth described in Chapter 3.  

 

Additional evidence for the catch-up growth was found in the transcriptomic results 

from the osteogenesis PCR array panel. Upregulation of many growth factors was 

demonstrated in diaphyseal bone from the mdx:cmah mouse, including a 30-fold 

increase in Igf-1 and Vegf-a gene expression compared to WT mice. The increase in 

Igf-1 gene expression was also confirmed by IHC which revealed increased IGF-1 

protein expression in the GP and metaphyseal bone of the mdx:cmah mouse 

compared to WT mice.  

 

It was not possible to confirm the presence of BMPR1b in the GP and metaphyseal 

bone using IHC. There are many possible reasons for this. Firstly, the RNA was 

obtained from the diaphysis of the humerus, whilst the protein expression was carried 

out on sections from the proximal tibia therefore they are from different bone 

compartments and so not directly comparable. Secondly, the upregulation of gene 

expression does not necessarily infer an increase in protein production that could be 

detectable by IHC. There are many factors downstream of gene expression that could 

influence the ultimate levels of protein production. IHC was chosen over Western  

blotting as it would enable localisation of different protein levels within specific regions 

of the bone and GP which may have helped to elucidate the aetiology behind the 

catch up growth demonstrated in Chapter 3, or may have helped identify a cause of 

growth retardation had it been demonstrated. Nevertheless, the use of IHC to quantify 

antigen presence has limitations. For example IHC is not a stoichiometric technique 

and therefore the intensity of the resultant stain does not necessarily directly equate 

to the quantity of antigen present. It is also not possible to determine how much of the 

analyte was present prior to fixing and embedding. Therefore conditions were 
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standardised as much as possible in order to achieve the greatest level of reliability 

possible during quantitative scoring. Fixation and antigen retrieval were carried out 

using the same methodology throughout and all IHC for each antibody was performed 

on the same day under identical conditions, with control specimens also tested for 

each genotype. It is generally accepted that if these pre-requisites are followed that 

semi-quantitative analysis can be carried out (Taylor et al. 2006). 

 

All of the muscular dystrophy mouse models that were analysed demonstrated an up-

regulation in Mmp-10 and Bmpr1b gene expression in cortical bone of the diaphysis 

when compared to the expression in WT mice.  IHC validated the presence of MMP-

10 protein in the GP and metaphyseal bone, but did not reveal any obvious increase 

in MMP-10 protein expression between genotypes.  It may be that the 2-3 fold 

increase in gene expression was insufficient for a difference to be detected at the 

protein level. Matrix metalloproteases (MMPs) are members of a family of calcium-

dependent proteinases which can cleave a wide range of extracellular proteins 

including components of the extracellular matrix. MMP10 is known to be involved in 

bone growth but has also been shown to be involved in tissue repair processes and 

specifically in muscular dystrophy mouse models (Ortega et al. 2004). Increased 

skeletal muscle MMP-10 protein expression occurs in response to the damaged, 

dystrophic muscle seen in the mdx mouse and is also likely to explain the upregulation 

of Mmp-10 in bone seen in this study, as the bone-muscle unit is intrinsically 

interlinked (Veilleux et al. 2017). Growth factors of the transforming growth factor 

(TGFb) family include bone morphogenetic proteins (BMPs) and they are recognised 

to have an important role in skeletal development (Chen et al. 2012).  BMP signalling 

in particular has been shown to induce the expression and activity of genes necessary 

for osteoblast differentiation (Song et al. 2009). Overactive BMP signalling has also 

been implicated in the pathogenesis of DMD and recent studies have suggested an 

essential role of BMPs and also the type 1 receptor in regeneration after muscle 

damage, which is consistent with the upregulation of Bmpr1b expression seen in this 

study (Shi et al. 2013). Unfortunately it was not possible to confirm this increased 

expression at the protein level due to the inability to achieve robust and convincing 

immunolocalisation. 
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Assessment of BMAT revealed a significant increase in regulated BMAT (rMAT) in 

both mdx and mdx:cmah mice and a reduction in the constitutive BMAT (cMAT). The 

reason for this is unclear but several potential mechanisms are possible. Studies have 

shown that MAT is increased during caloric restriction (Devlin 2011, Cawthorn et al. 

2014). This is probably a survival mechanism; BMAT secretes adipokines, which 

promote appetite and increase insulin sensitivity (Cawthorn et al. 2016). BMAT in 

mice develops from distal to proximal and highly defined cMAT occurs early in 

vertebrate development (Scheller et al. 2015). It is possible therefore that the increase 

in rMAT has occurred as a response to the increased metabolic demands on the 

muscular dystrophy mice. The role of dystrophin in the regulation of metabolism is 

poorly understood and is difficult to evaluate clinically as body composition in DMD is 

confounded by the long term use of high-dose GC. However, a recent study 

demonstrated that dystrophin deficiency in the mdx mouse resulted in reduced body 

fat (confirmed by DEXA body composition studies) and a consistently lower core body 

temperature, despite no overall bodyweight difference between mdx and WT mice 

(Strakova et al. 2018). Similar studies have shown increases in energy expenditure 

and muscle protein synthesis in mdx mice and an altered response to high fat diet 

compared to WT controls (Radley-Crabb et al. 2011, 2014). Studies examining serum 

lipid levels have shown no difference between mdx and WT mice (Milad et al. 2017) 

but there appears to be primary adipose progenitor cell expansion defects in vitro 

(Joseph et al. 2018). The increase in rMAT warrants further investigation and studies 

of MAT in older mdx mice would be useful, as rMAT accumulation from 12-56 weeks-

of-age in mice has been shown to correlate negatively with trabecular number and 

positively with trabecular thickness in C57BL6 mice (Scheller et al. 2015). Logic 

dictates that accumulation of rMAT in the proximal tibia must occur at expense of 

either haematopoiesis or osteoblastogenesis and bone formation, since the size of 

the space within the skeleton is finite.  Osteoporosis has been associated with a 

decrease in MAT unsaturation (Yeung et al. 2005) and bone marrow fat composition 

has been suggested as a useful biomarker in post- menopausal women with fragility 

fractures (Patsch et al. 2013). This may have a role in the evaluation of skeletal 

fragility in DMD. 
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Several of the bones that were analysed for MAT were found to have ruptured. The 

ruptures were unlikely to have occurred during life as all mice had their grip strength 

assessed within 24 hours of cull and a tibiae fracture would have been noticed at this 

time. Instead, the ruptures most likely occurred ex-vivo during decalcification, staining 

or scanning and have been previously reported as a potential confounder during MAT 

analysis (Wallace et al. 2016). Cortical bone ruptures can confound osmium based 

MAT detection as the rupture allows potential escape of the bone marrow and may 

result in decreased osmium staining compared to intact tibiae. Although the results 

showed that MAT volumes were not significantly lower in the ruptured bones, their 

data was excluded from analysis. 

 

Figure 4-3 highlights the potential limitation of analysing bones of young mice. It is 

clear from the representative images that the cortices remain immature at 3 weeks-of 

age and it is possible that the ROI chosen may not represent the entirety of the 

diaphysis, for example if the bone is not fully mineralised in one of the ROIs scanned 

the overall TMD may appear erroneously lower. Similarly, the proximal tibia of young 

mice comprise only a limited proportion of trabecular bone (8-9% for the WT mice in 

this study, as reported in Chapter 4) which may consist of only a few trabecular 

profiles and therefore effectively result in inadequate power or sensitivity by which to 

determine any changes by genotype. Also, mice bred on the C57 genetic background 

strain are known to have lower cortical bone densities than other strains of mice 

(Beamer et al. 1996). If this study was to be repeated, a recommendation would be 

that mice are not scanned until they reach 5-weeks-of age, by which time the bone 

morphology becomes more homogenous.  

 

In summary, none of the muscular dystrophy mouse models demonstrated consistent 

evidence of an intrinsic defect in skeletal development. In the next chapter, GC 

regimens were tested to find an appropriate regimen to best mimic the marked growth 

retardation and osteoporotic changes that are seen in patients with DMD. 
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5 Finding the appropriate GC regimen 
5.1 Introduction 

Glucocorticoids (GC) are the only intervention in DMD that are proven to stabilise 

muscle strength, including both cardiac and respiratory function. Their use is integral 

to the treatment of patients with DMD and form part of the Standards of Care; patients 

usually start high dose GC from about 5 years of age (Birnkrant et al. 2018). As 

discussed in Chapter 1, the long-term use of high dose GC are associated with many 

side-effects. Two of the most clinically significant and challenging to manage are GIO 

and growth retardation and an efficacious anabolic agent would greatly benefit this 

population. When trialling bone protective therapies in animal models, it is important 

that the agents are tested in muscular dystrophy animal models that are also being 

co-treated with GC, in order to make the results translationally relevant.  

 

5.1.1 Mouse models of GC-induced growth retardation and GIO 

Despite the extensive literature review (Wood et al. 2018), see appendix VI, it was 

still unclear which GC regimen would be most effective to simultaneously induce both 

GIO and growth retardation in juvenile mice. It was, therefore, necessary to test the 

most promising regimens for evidence of both GC-induced growth retardation and 

GIO, in order to find the most appropriate regimen to take forward into the later phases 

of the project. For the purpose of this project it was decided to trial both oral gavage 

(to mimic the delivery route in patients) and daily SC injections; the animal house staff 

had no prior experience of SC pellet administration (although the literature review 

suggested some success with these) and as IGF-1 was to be given via osmotic pump 

in the later study (Chapter 6) this option, which would involve the implantation of a 

second osmotic pump, was also not possible on animal welfare grounds. Starting 

doses of prednisolone and dexamethasone were chosen based on the literature 

review and then increased according to response.  

 

5.1.2 VBP-6:  a GC-sparing agent 

Finding an alternative compound to traditional GC that has equivalent anti-

inflammatory effects but a reduced side-effect profile could have huge clinical impact 

in DMD. Traditional GC have an 11-beta-hydroxy or an 11-keto group whereas a new 

class of compounds have been designed with a key conversion from the hydroxyl 
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group to a double bond between carbons 9 and 11, leading to a Δ9,11 C ring as the 

backbone (see Figure 5-1).  

 

 

Figure 5-1 Comparison of the chemical structures of prednisolone and VBP-15. 

VBP compounds include a delta- 9,11 double bond and tail group modifications. 

Reproduced from (Damsker et al. 2013). The exact structure of VBP6 has not been 

published.  

 

This modification still enables the compound to effectively inhibit NF-κB activity and 

thus have an anti-inflammatory role, but it appears to do so without inducing GRE-

mediated transcription and thus avoiding many of the classical GC side-effects 

(Reeves et al. 2013). As described in Chapter 1, by dissociating the gene 

transcriptional (classic GC) properties from the anti-inflammatory (NF-κB) properties, 

it is envisaged that these compounds should still improve muscle function in DMD 

without inducing growth failure or GIO. However, some studies have now suggested 

that some side-effects of GC can be attributed to both transactivation and 

transrepression, therefore it is possible that even the steroid analogues which do not 

cause transactivation may still result in skeletal abnormalities (Newton et al. 2007).  

Some basic bone and growth data have previously been reported in a study 

comparing one of these Δ9,11 steroids (VPB-15) to prednisolone in mdx mice (Heier 

et al. 2013). In this study, X-rays of tibiae were used to show that VBP-15 does not 

cause growth retardation at doses of up to 45mg/kg body weight, whilst the equivalent 

dose of prednisolone administered to mdx mice caused significant stunting of growth 

compared to the controls. Similarly, µCT analysis of trabecular bone demonstrated 

that oral prednisolone caused a significant decrease in trabecular thickness unlike the 

equivalent dose of VPB-15. This suggests that VBP-6, a metabolic precursor for VBP-
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15 ( VBP-15 is not available for use in pre-clinical work as it is currently being used in 

an early phase clinical trial, (Conklin et al. 2018)) should have a similar effect (Reeves 

et al. 2013). This work has not been carried out in other murine models of DMD and 

not at the level of detail required to gain a full understanding of its effects (or lack of) 

in the skeleton (Reeves et al. 2013). The data gained in this proposed study would 

therefore expand the current field of knowledge for VBP-6/VBP-15. This additional 

pre-clinical work may provide crucial extra data to support the clinical trial outcomes, 

where growth and bone are very difficult to accurately quantify given the short time 

frames involved. If successful, the work could also be extended to other childhood 

diseases where inflammation affects growth, or where GC are required, including for 

example in the treatment of inflammatory bowel diseases and juvenile arthritis. Since 

this project began, VBP-15, also known as vamorolone, has shown promising results 

in phase 1 studies (Hoffman et al. 2018) and has now moved into early phase 2 clinical 

trials (Conklin et al. 2018). 
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5.2 Hypothesis 
Growth and GP chondrogenesis and bone development are impaired by GC but not 

by VBP-6 in WT mice and muscular dystrophy mouse models.  

 

5.3 Aims 
To assess: 

1. Muscle pathology and function after exposure to varying GC regimens and 

VBP-6, expecting the muscle phenotype to be improved by both treatments. 

2. Growth and GP chondrogenesis and bone fragility after exposure to varying 

GC regimens, expecting the growth response and bone health to be impaired.  

3. Growth and growth plate chondrogenesis and bone fragility after exposure to 

VBP-6, expecting the growth response and bone health to remain unaffected. 

 

All studies will compare the effects of GC and VBP-6 on male WT and muscular 

dystrophy (mdx and mdx:cmah) mouse models.
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5.4 Material and Methods 
 

5.4.1 Administration of GC or vehicle 

All mice were given either GC or vehicle for 28 days, starting from between 27 and 

29 days-of-age (approximately 4 weeks) and culled between 55 and 57 days-of-age 

(at approximately 8 weeks).  

The study was initially designed to test the efficacy of prednisolone versus 

dexamethasone, and so the plan was to find the optimal dosage for each and then 

determine which regimen to move forward with into the final study. An initial pilot study 

was performed to determine whether 2.5mg/kg/day or 5mg/kg/day of dexamethasone 

would be the most appropriate dose to give SC for 28 days. Daily dexamethasone 

injections, at a dose of 5mg/kg/day SC for 7 days, were used by a previous student 

during her PhD at Roslin (Owen et al. 2009). During the 7-day period, the 

dexamethasone caused a reduction in bodyweight gain, reduced tibial length and 

reduction in longitudinal bone growth rate. However, it is not clear whether the mice 

would tolerate a 5mg/kg/day regimen for 28 days as the weight loss was marked in 

previous studies and would have likely exceeded the Home Office permitted weight 

loss (20%)  if the regimen had been continued. Once it became clear that the 3 mice 

in the pilot study tolerated 2.5mg/kg/day of dexamethasone without significant 

adverse effects, 6 mice were moved onto the main study and given 5mg/kg/day. For 

this reason, there is only basic anthropometric data for the 2.5mg group.  

 

Guided by the evidence from the literature review, the studies were carried out initially 

using prednisolone at a dose of 5mg/kg, but as there was minimal response, the dose 

was increased incrementally up to 20mg/kg/day to maximise efficacy, subject to 

tolerance of GC-associated side-effects.  

All controls were administered vehicle by the same means as the GC. For example 

both dexamethasone 2.5mg and 5mg regimens were administered by SC injection, 

so the respective controls were given physiological saline by SC injection. 

Prednisolone was initially administered at a dose of 5mg/kg/day by SC injection. 

However oral gavage of prednisolone suspension in cherry syrup was used for the 

10mg/kg/day and 20mg/kg/day regimens (Humco, TX, USA), with the respective 

controls receiving cherry syrup alone by gavage (without anaesthesia). Cherry syrup 
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was used as the vehicle for oral gavage, as prednisone is given in this way to DMD 

patients in the USA and also VBP-6 is insoluble and needs to be given in suspension. 

It was not known when the study was designed that VBP-6 was insoluble and hence 

the initial regimens were planned with SC injections. In order to make the regimens 

comparable, the later dosing was all carried out by oral gavage. In previous work, 

VBP compounds were administered using cherry syrup so the same vehicle was used 

in this study (Heier et al. 2013). For further details regarding regimens used, see 

section 2.2.1. 

 

A minimum of 6 male mice were used in each group, except for the dexamethasone 

2.5mg pilot group where n=3, as explained above. Additional mice were added to the 

prednisolone 10mg/kg group in order to match starting body weights, as marked 

variation was noted between the initial bodyweights in this group. The total number of 

mice used was 11. The results shown include all 11 mice as the data were not 

significantly affected if only the 6 closest in initial weight were retained.  

 

Dexamethasone was trialled in WT and mdx mice but when it became clear that the 

regimens were not as effective in causing growth retardation as the prednisolone 

regimens, it was not used in the mdx:cmah mice. Prednisolone at a dose of 

20mg/kg/day was given to mdx:cmah mice in addition to WT and mdx mice to see if 

the effects of GC were different in the mdx:cmah mice which had demonstrated catch 

up growth (as discussed in Section 3.6.)  

 

5.4.2 Gross body growth parameters 

Bodyweights of mice were measured twice weekly throughout the study period by 

staff in the animal house, from the start of the intervention/control regimen at 4 weeks-

of-age, until cull. Body weight, crown to rump and tail lengths were taken using the 

same digital weighing scales and a ruler. Longitudinal crown-rump and tail length data 

throughout the study periods have not been shown as there was found to be great 

inter-observer variability in these measurements. In order to maximise validity only 

the data from time of cull are shown, because the same technician performed the 

anthropometric measures at cull during the study; this unfortunately was not possible 

for the entire study period due to shift patterns within the animal house.   
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5.4.3 Testes weight 

Testes were dissected immediately post cull and weighed on the same digital scales 

for every mouse. A combined weight is presented, alongside a weight normalised to 

the overall bodyweight.  

 

5.4.4 Grip strength 

Forelimb grip strength testing was performed within 24 hours prior to cull, using a grip 

strength meter with a specialised mouse grid (Harvard Biosciences, Massachusetts, 

USA). See Chapter 2.3.1 for further details.  

 

5.4.5 Muscle histology 

The TA muscle of the lower hind limb was used to determine muscle necrosis and 

inflammation. Sections were cut at a width of 6 μm and H&E staining was used for 

histological assessment of muscle pathology, as outlined in Chapter 2.3.2. 

 

5.4.6 Creatine kinase assay 

Quantification of serum CK activity was carried out using a Pointe Scientific kit 

(Chapter 2.3.3). The change in NADPH absorbance was measured every 30s at 

340nm for 4 min at 25°C. 

 

5.4.7 Analysis of growth plate height 

Right tibiae were removed at dissection and fixed in 10% NBF for up to one week, 

and then decalcified and embedded in paraffin wax (Chapter 2.4.2). Sections were 

cut at 6 μm and stained with H &E, further details are given in Chapter 2.4.8. Images 

were captured using a Zeiss AxioImager brightfield microscope. Heights of the GP 

zones were measured using Fiji (Schindelin et al. 2012). Ten measurements were 

taken per section and the mean height calculated for each zone. 

 

5.4.8 Micro Computed tomography (µCT) 

µCT was carried out according to the protocol described in Chapter 2.4.4. 

 

5.4.9 Tibial length measurement 

Tibial length was measured using images obtained by µCT and viewed in Dataviewer, 

as outlined in Section 2.4.4. 
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5.4.10 Biomechanical properties assessed by 3-point bending 

As soon as possible after µCT, bones were subjected to the 3-point bending test to 

assess the biomechanical properties of the bone, as described in Section 2.4.5. 

 

5.4.11 Assessment of bone turnover markers by ELISA 

Serum aCTx and P1NP levels were measured as described in Section 2.4.6. All 

samples were taken from mice that were culled at the end of the study period, when 

they were 8 weeks-of-age.  

 

5.4.12 Assessment of chondrocyte proliferation rate  

IHC for PCNA detection was performed as described in Section 2.4.11. 

 

5.4.13 Static histomorphometry 

Static histomorphometry was performed on paraffin-embedded, decalcified sections 

of tibiae, as described in Chapter 2.4.2. A combination of TRAP activity and fast-red 

staining was used to enable osteoclast number to be determined. Osteoblasts were 

identified using Goldners trichome staining (see Section 2.4.13 for further details). 

The ROI included only metaphyseal trabecular bone and extended from 50 µm below 

the GP. Osteoblast and osteoclast number per bone surface were determined using 

BioqantOsteo v 17.2.6 (Bioquant Image Analysis Corp, Nashville, Tennessee, USA). 
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5.5 Results 
 

5.5.1 Gross body growth parameters  

a) Prednisolone regimens 
There were no significant differences in % weight gain between WT mice given 

prednisolone at a dose of 5 mg/kg/day (SC) or 10mg/kg/day (via oral gavage) and 

their respective controls. Mean % weight gain of the WT mice treated with 

20mg/kg/day of prednisolone was significantly lower during the study period 

compared to their controls (12.9% in prednisolone-treated mice v 59.2% gain in 

control mice, p<0.001), see Table 5-1. The same trend was observed in both the mdx 

and mdx:cmah mice, but did not reach statistical significance (Figure 5-2 and Table 

5-2). The WT and mdx:cmah mice given VBP-6 gained significantly more weight (%) 

than their respective controls given cherry syrup (mean 94.0% gain v 59.2% in WT 

mice (p<0.01) and mean 115.1% gain v 72.7% in mdx:cmah mice (p<0.001)). There 

was no significant difference in the % weight gain of the mdx mice given VBP-6 

compared to their controls.  

There was no significant effect of any prednisolone regimen on change in crown-rump 

or tail length during the study period in any of the treatment groups (Tables 5-3 and 

5-4). 

 

b) Dexamethasone regimens 
There was no significant change in anthropometric measures in either the WT or mdx 

mice given dexamethasone at either 2.5mg/kg/day or 5mg/kg/day compared to their 

controls (Tables 5-5). As explained in Section 5.4.1, three mice were initially given 

dexamethasone at 2.5mg/kg/day as a pilot group to ensure tolerability. Once it 

became clear that the mice tolerated it well and there were no real changes in 

bodyweight, the dose was increased to 5mg/kg/day and the data from the mice that 

received 2.5mg/kg of dexamethasone were not analysed further. 

 

5.5.1 Testes weight 

Although both the unadjusted and normalised testes weights were lower in the mdx 

mice compared to WT (consistent with results in Chapter 3), there was no significant 

difference between treatment regimens within each genotype, see Tables 5-6 and  5-

7. 
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Parameter (SD) WT  
Controls 
(PBS)     

WT  
Pred 5mg/kg   
(PBS  

WT  
Controls 
(syrup)  

WT 
Pred 10mg/kg  
(syrup)  

WT  
Pred 20mg/kg  
(syrup)  

WT  
VBP6 20mg/kg  
(syrup)  

Initial weight,g 19.2 (1.54) 18.2 (2.08) 14.7 (1.83) 17.1 (2.71) 17.8 (1.37) 15.5 (2.28) 

Weight at cull, g 24.4 (1.75) 22.3 (1.86) 23.1 (1.14) 21.2 (2.51) 20.1 (1.89) 22.6 (1.8) 

Weight change (%) 27.4 (9.65) 23.0 (7.68) 59.2 (16.4) 25.3 (11.51) 12.9 (5.44)*** 45.8 (6.60)** 

Table 5-1 Bodyweight data for WT mice given prednisolone or VBP6 for 28 days from 4 weeks-of-age. Data are presented as mean 

(+/- standard deviation), ** denotes p<0.01, *** p<0.001 compared to their respective controls. n=6, except pred 10mg/kg where n=11. 

 

Parameter (SD) mdx  
Controls 
(syrup) 
  

mdx  
Pred 20mg/kg 
(syrup)  

mdx                
VBP6 20mg/kg 
(syrup)  

mdx:cmah  
Controls 
(syrup)  
 

mdx:cmah                          
Pred 20mg/kg 
(syrup)  

mdx:cmah                          
VBP6 20mg/kg 
(syrup) 

Initial weight, g 20.5 (1.52) 16.5 (1.49) 14.7 (3.48) 15.1 (2.2) 11.6 (1.63) 11.1 (1.48) 

Weight at cull, g 27.3 (2.6) 21.1 (1.3) 25.1 (0.79) 25.7 (1.93) 19.3 (1.83) 23.4 (0.95) 

Weight change (%) 34.0 (17.7) 28.0 (10.2) 56.3 (31.7) 72.7 (20.12) 67.5 (11.51) 115.1 (28.83) *** 

Table 5-2 Bodyweight data for mdx and mdx:cmah mice given prednisolone or VBP-6 for 28 days from 4 weeks-of-age. Data = mean 

(+/- standard deviation), *** denotes p<0.001 compared to their respective controls. n=6 in each group.  
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Parameter (SD) WT  
Controls 
(PBS)      

WT  
Pred 5mg/kg   
(PBS)      

WT  
Controls 
(syrup) 

WT 
Pred 10mg/kg  
(syrup) 

WT  
Pred 20mg/kg  
(syrup) 

WT  
VBP6 20mg/kg  
(syrup) 

Change in CR length /day, cm 0.03 (0.01) 0.02 (0.01) 0.03 (0.01) 0.04 (0.03) 0.02 (0.01) 0.04 (0.01) 

Change in tail length /day, cm 0.02 (0.01) 0.02 (0.01) 0.03 (0.01) 0.02 (0.02) 0.03 (0.01) 0.04 (0.01) 

Table 5-3 Crown-rump and tail length data for WT mice given prednisolone or VBP-6 for 28 days from 4 weeks-of-age. Data are presented 

as mean (+/- standard deviation). n=6, except pred 10mg/kg where n=11. 

 

 

Parameter (SD) mdx  
Controls 
(syrup) 
  

mdx  
Pred 20mg/kg 
(syrup) 

mdx                
VBP6 20mg/kg 
(syrup)  

mdx:cmah  
Controls 
(syrup) 
 

mdx:cmah                          
Pred 20mg/kg 
(syrup) 

mdx:cmah                          
VBP6 20mg/kg 
(syrup) 

Change in CR length /day, cm 0.04 (0.02) 0.02 (0.01) 0.06 (0.02) 0.03 (0.01) 0.04 (0.01) 0.04 (0.01) 

Change in tail length /day, cm 0.02 (0.01) 0.01 (0.00) 0.05 (0.01) 0.03 (0.01) 0.03 (0.01) 0.05 (0.01) 

Table 5-4 Crown-rump and tail length data for mdx and mdx:cmah mice given prednisolone or VBP-6 for 28 days from 4 weeks-of-age. 

Data are presented as mean (+/- standard deviation). n=6 in each group. 
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Figure 5-2 A bar chart to highlight the lower % weight gain seen in the WT mice 

given prednisolone at 20mg/kg/day compared to their controls and higher % weight 

gain in the WT and mdx:cmah mice given VBP-6 at 20mg/kg/day compared to their 

controls. Data are presented as mean (+/- standard deviation). ** signifies p<0.01, 

*** signifies p<0.001 compared to their respective controls. n=6, except pred 

10mg/kg where n=11.
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Mouse group WT  
Control 
(injection) 
 

WT  
dex 2.5mg/kg 
(injection) 

WT  
dex 5mg/kg 
(injection) 

mdx  
control 
(injection ) 

mdx  
dex 5mg/kg 
(injection) 

Initial weight, g 18.1 (0.91) 20.5 (0.99) 18.1 (1.65) 20.2 (1.75) 20.1 (0.91) 

Weight at cull, g 21.0 (1.56) 22.1 (0.36) 19.6 (2.78) 27.5 (3.55) 22.1 (1.42) 

Weight change (%) 16.16 (7.09) 8.14 (5.19) 7.73 (6.89) 37.4 (23.9) 9.89 (5.31) 

Change in CR length/ day, cm 0.02 (0.01) 0.02 (0.02) 0.02 (0.01) 0.05 (0.01) 0.03 (0.01) 

Change in tail length/ day, cm 0.02 (0.01) 0.01 (0.01) 0.01 (0.00) 0.02 (0.01) 0.01 (0.01) 

Table 5-5 Bodyweight, crown-rump and tail length data data for WT and mdx mice given dexamethasone for 28 days from 4 weeks-of-

age. Data are presented as mean (+/- standard deviation). n=6, except dex 2.5mg/kg where n=3. 
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Parameter (SD) WT  
Controls 
(PBS)      

WT  
Pred 5mg/kg   
(PBS)      

WT  
Controls 
(syrup) 

WT 
Pred 10mg/kg  
(syrup) 

WT  
Pred 20mg/kg  
(syrup) 

WT  
VBP6 20mg/kg  
(syrup) 

Combined testes  weight, in g 0.20 (0.02) 0.19 (0.01) 0.20 (0.05) 0.17 (0.01) 0.18 (0.004) 0.17 (0.02) 

Combined testes weight, 
normalised to BW 

0.008 (0.001) 0.006 (0.001) 0.009 (0.02) 0.008 (0.001) 0.009 (0.001) 0.007 (0.0004) 

Table 5-6 Unadjusted testes weight and testes weight normalized to BW for WT mice given prednisolone or VBP-6 for 28 days from 4 

weeks-of-age. Data are presented as mean (+/- standard deviation). DD denotes p<0.01, DDD denotes p<0.001 compared to equivalent. 

n=6, except pred 10mg/kg where n=11. WT group. BW: bodyweight 

 

Parameter (SD) mdx  
Controls (syrup) 
  

mdx  
Pred 20mg/kg 
(syrup) 

mdx                
VBP6 20mg/kg 
(syrup)  

mdx:cmah  
Controls 
(syrup) 
 

mdx:cmah                          
Pred 20mg/kg 
(syrup) 

mdx:cmah                          
VBP6 20mg/kg 
(syrup) 

Combined testes  weight, in g 0.11 (0.05) DDD 0.11 (0.04) DD 0.15 (0.01) 0.16 (0.02) 0.16 (0.01) 0.18 (0.01) 

Combined testes weight, 
normalised to BW 

0.004 (0.002) DDD 0.005 (0.002) DDD 0.006 (0.003) 0.006 (0.0003) 0.008 (0.0005) 0.008 (0.0006) 

Table 5-7 Unadjusted testes weight and testes weight normalized to BW for mdx and mdx:cmah mice given prednisolone or VBP-6 for 

28 days from 4 weeks-of-age. Data are presented as mean (+/- standard deviation). DD denotes p<0.01, DDD denotes p<0.001 compared 

to equivalent WT group.  n=6 in each group. BW: bodyweight
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5.5.2 Grip strength  
a) Prednisolone/ VBP-6 regimens 

There were no significant differences in either the absolute or BW-normalised grip 

strength values between any of the WT animals that were treated with varying 

prednisolone regimens and their controls (Table 5-8).  However, the normalised grip 

strength was significantly higher in the mdx mice who were given prednisolone at a 

dose of 20mg/kg/day compared to their controls (Table 5-9).  The administration of 4 

weeks of VBP-6 at the equivalent dose (20mg/kg/day) did not significantly change 

grip strength compared to their controls in either the WT or mdx mice. 

 

b) Dexamethasone regimens 

There were no significant differences in either the absolute or BW-normalised grip 

strength values between any of the WT or mdx animals who were treated with 

dexamethasone via SC injection at dose of 5mg/kg/day for 4 weeks and their 

respective controls (Table 5-10).   

 

5.5.3 Muscle histology  
As the previous results in this chapter have shown no conclusive evidence for the 

efficacy of the trialled dexamethasone regimens or prednisolone at doses of 5 or 

10mg/kg/day to induce growth retardation, histological analysis of the TA muscle was 

only carried out in sections from the mice who were treated with either prednisolone 

at 20mg/kg/day or VBP-6 at 20mg/kg/day and their respective controls.  

 

Histology of the muscular dystrophy models was consistent with Chapter 3 and 

revealed higher levels of inflammation and muscle cell regeneration seen in samples 

from both the mdx and mdx:cmah mice culled at 8 weeks of age, compared to WT 

mice (Figures 5-3 B,C and 5-4 and Table 5-11). Prednisolone given for 4 weeks at 

20mg/kg/day caused a 70% reduction in cumulative TA muscle damage in the 

mdx:cmah mice. The same trend was also seen in the mdx mice but did not reach 

statistical significance. 4 weeks of VBP-6 given at 20mg/kg/day significantly reduced 

the cumulative muscle damage in the TA of mdx mice.  
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As previously noted in Chapter 3, histological sections from WT mice revealed regular 

myofibres with peripheral nuclei and intact sarcoplasm (Figure 5-3A). This was 

unaffected by the administration of either prednisolone or VBP-6 (Figures 5-3 and 5-

4 and Table 5-11). 

 

5.5.1 Creatine kinase assay 
There were no significant difference in serum CK values after 4 weeks of either 

prednisolone or VBP-6, when given at 20mg/kg/day, compared to their respective 

controls (Table 5-12). CK values were higher in the untreated mdx mice compared to 

WT, as previously shown in Section 3.5.2. 

 

5.5.2 Analysis of growth plate height  
a) Prednisolone/ VBP-6 regimens  

The total height of the GP was significantly less in the WT mice given prednisolone at 

a dose of 20mg/kg/day than those given syrup alone (mean 122.1 µm in prednisolone-

treated mice v 167.5µm in syrup control mice, p<0.01, Table 5-13, Figure 5-5). The 

height of the proliferative zone was also significantly less in the mice given 

prednisolone at 20mg/kg/day compared to their syrup controls (mean 67.4µm in 

prednisolone-treated mice v 100.1µm in syrup control mice, p<0.05). Four weeks of 

VBP-6 did not significantly change the total height of the GP or its individual zones 

(Table 5-11).  

There were no significant changes to GP height or height of its individual maturational 

zones in the mdx mice given either prednisolone or VBP-6 compared to their 

respective controls (Table 5-14).  

 

b) Dexamethasone regimens 

There were no significant differences in either total GP height or of the individual 

maturation zones between the WT and mdx mice given dexamethasone 5mg/kg/day 

and their respective controls (Table 5-15).  
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Parameter (SD) Controls 
(PBS)      

Controls 
(syrup) 

Pred 
5mg/kg   
(PBS)      

Pred 
10mg/kg 
(syrup) 

Pred 
20mg/kg  
(syrup) 

VBP6  
20mg/kg  
(syrup) 

Grip strength,g 107.7 (16.4) 94.3 (14.0) 90.2 (23.0) 101.7 (17.1) 96.3 (18.6) 95.9 (15.1) 

Grip strength 
normalised to BW 

4.4 (0.8) 4.3 (0.6) 4.05 (1.02) 4.8 (0.7) 4.8 (0.8) 4.1 (0.6) 

Table 5-8 Absolute and normalised grip strength from WT mice culled at 9 weeks-

of-age after 4 weeks of either daily vehicle, prednisolone, or VBP-6. Data are 

presented as mean (+/- standard deviation). n=6, except pred 10mg/kg where n=11. 

 

 

Parameter (SD) mdx  
Controls 
(syrup) 
  

mdx:cmah  
Controls 
(syrup) 
 

mdx  
Pred 
20mg/kg 
(syrup) 

mdx:cmah                          
Pred 20mg/kg 
(syrup) 

mdx                VBP6  
20mg/kg 
(syrup)  

Grip strength,g 94.6 (5.4) 104.8 (27.1) 98.5 (17.1) 74.8 (5.7) 91.9 (14.3) 

Grip strength 
normalised to BW 

3.5 (0.6) 4.1 (0.9) 4.7 (0.7)* 3.9 (0.2) 3.7 (0.6) 

Table 5-9 Absolute and normalised grip strength from mdx and mdx:cmah mice culled 

at 9 weeks-of-age after 4 weeks of either daily vehicle, prednisolone, or VBP-6. Data 

are presented as mean (+/- standard deviation).* denotes p<0.05 compared to their 

control. n=6 in each group. 

 

 

Parameter (SD) WT  
Controls 

WT  
Dex 5mg/kg 

mdx  
Controls  

mdx  
Dex 5mg/kg      

Grip strength 103.1 (10.5) 81.3 (15.9) 94.6 (5.4) 82.5 (13.7) 

Grip strength 
normalised to BW 

5.0 (0.8) 4.3 (1.3) 3.5 (0.6) 3.8 (0.8) 

Table 5-10 Absolute and normalised grip strength from mdx and WT mice culled at 

9 weeks-of-age after 4 weeks of either daily vehicle or dexamethasone. Data are 

presented as mean (+/- standard deviation). n=6 in each group.
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Parameter (SD) WT 
Controls 
(syrup) 

WT 
Pred 20mg/kg  
(syrup) 

WT  
VBP6 20mg/kg  
(syrup) 

mdx  
Controls 
(syrup) 

mdx  
Pred 20mg/kg  
(syrup) 

mdx  
VBP6 20mg/kg  
(syrup) 

mdx:cmah 
Controls 
(syrup) 

mdx:cmah  
Pred 20mg/kg  
(syrup) 

% of inflamm cells- 
cell damage (SD) 

0.33 (0.65) 0.73 (0.75) 0.38 (0.54) 5.62 (1.02) 3.05 (1.52) 1.60 (0.56) 2.57 (2.28) 0.67 (0.46) 

% of central nuclei- 
regeneration (SD) 

1.19 (1.60) 0.18 (0.08) 1.02 (0.39) 2.87 (1.02) 2.80 (1.13) 2.43 (0.93) 2.96 (2.22) 0.99 (0.23) 

Cumulative 
percentage (SD) 
 

1.52 (1.55) 0.91 (0.83) 1.40 (0.93) 8.48 (3.57) 5.85 (2.49) 4.03 (1.06)* 5.53 (1.69) 1.66 (0.69)*** 

Table 5-11 Histology of TA muscle showing effect of 4 weeks of either prednisolone, VBP6 or vehicle on muscle cell inflammation and 

regeneration. Data are presented as mean (+/- standard deviation). * denotes p<0.05, *** denotes p<0.001 compared to respective 

control. n=6, except pred 10mg/kg where n=11. 
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Figure 5-3 Ai) H&E stained section of TA from 8-week-old WT mouse showing normal, 

regular myofibres with peripheral nuclei (black arrow) and intact sarcoplasm. 
Aii) H&E stained section of TA from 8-week-old WT mouse after 4 weeks of prednisolone 

20mg/kg/day: regular myofibres, peripheral nuclei (black arrow) and intact sarcoplasm. 
Aiii) H&E stained section of TA from 8-week-old WT mouse after 4 weeks of VBP-6 at 

20mg/kg/day: normal, regular myofibres, peripheral nuclei (black arrow), intact sarcoplasm. 

Bi) H&E stained section of TA from 8-week-old mdx mouse: many inflammatory cells (red 

arrow) and evidence of regeneration with larger myofibres and central nuclei (blue arrow). 

Bii) H&E stained section of TA from 8-week-old mdx mouse after 4 weeks of pred 

20mg/kg/day: some normal, regular myofibres with peripheral nuclei and intact sarcoplasm, 

less inflammatory cells than in Bi) (red arrow), some evidence of regeneration (blue arrow). 
Biii) H&E stained section of TA from 8-week-old mdx mouse after 4 weeks of VBP-6 at 

20mg/kg/day: some normal, regular myofibres with peripheral nuclei and intact sarcoplasm, 

less inflammatory cells than in Bi) (red arrow) and some regeneration (blue arrow). 

Ci) H&E stained section of TA from 8-week-old mdx:cmah mouse: many inflammatory cells 

(red arrow), evidence of regeneration (larger myofibres,central nuclei (blue arrow)).  

Cii) H&E stained section of TA from 8-week-old mdx:cmah mouse after 4 weeks of 

prednisolone at 20mg/kg/day showing some normal, regular myofibres with peripheral nuclei 

and intact sarcoplasm, less inflammatory cells than in Ci) (red arrow) and also less evidence 
of regeneration than in Ci) (blue arrow).
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Figure 5-4  Histology of TA muscle showing pathology in mdx and mdx:cmah mice 

compared to WT mice showing a cumulative reduction in muscle damage after 4 

weeks of VBP-6 in the mdx mice and 4 weeks of prednisolone at 20mg/kg/day in 

mdx:cmah mice. Data are presented as mean (+/- standard deviation). * denotes 

p<0.05, *** denotes p<0.001 compared to respective control. n=6 in each group.  

 

Group Mean CK value in U/L (SD) 
 

WT control 43.9 (28.8) 
WT pred 20 108.0 (66.8) 

WT VBP-6 168.0 (61.9) 

mdx control 290.3 (57.3) D  

mdx pred 20 679.7 (519.4) 

mdx VBP-6 281.9 (161.5) 

 
Table 5-12 No differences were noted in CK levels at 9 weeks-of-age by GC 

regimen. Data are presented as mean (+/- standard deviation), D denotes p<0.001 

compared to WT mice. n=6 in each group.
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5.5.3 Trabecular bone parameters, assessed by µCT 

Micro CT was not carried out on the mice treated with dexamethasone due to the lack 

of any observed anthropometric changes. No differences that were observed in 

trabecular parameters between treated and control groups were consistent across 

both the WT and muscular dystrophy models (Tables 5-16 and 5-17). A small but 

significant decrease in trabecular separation was observed in the WT and mdx mice 

treated with prednisolone at 20mg/kg/day when compared with their cherry syrup 

controls. This difference was not observed in the 20mg/kg/day prednisolone-treated 

mdx:cmah mice. In contrast to this, there was a small decrease in trabecular thickness 

observed in the mdx:cmah mice treated with prednisolone at 20mg/kg/day when 

compared with their cherry syrup controls, but this was not observed in the WT or mdx 

mice.  

 

Structural model index was reduced in the WT mice treated with prednisolone at 10mg 

and 20mg/kg/day but not in the mdx:cmah or mdx mice treated with the equivalent 

regimens. Connectivity was also increased in the WT and mdx mice treated with 

prednisolone at 20mg/kg/day compared to their controls, but again this finding was 

not replicated in the mdx:cmah group. There were no further differences observed 

between the mice given prednisolone at 5 or 10mg/kg/day and their respective 

controls (Table 5-16). 

 

There were no significant differences in trabecular bone parameters measured in 

either the WT or mdx mice that were given 4 weeks of VBP-6 compared to their 

controls (Figure 5-7, Tables 5-16 and 5-17).  

 

5.5.4 Cortical bone parameters, assessed by µCT 

Cortical tissue area, bone area, tissue volume and bone volume were all significantly 

less in both the WT and muscular dystrophy mouse models that were treated with 

prednisolone at 20mg/kg/day (Tables 5-18, 5-19, Figures 5-6 and 5-7). In keeping 

with this, mean cortical bone fraction was also significantly less, at 57% in 

prednisolone-treated WT mice v 63% in WT syrup controls; 59% in prednisolone-

treated mdx mice v 66% in the mdx syrup controls and 55% in prednisolone-treated 

mdx:cmah mice v 66% in the mdx:cmah syrup controls (Figure 5-6). Cortical bone 

fraction was also lower in the WT mice treated with 10mg/kg/day of prednisolone 
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compared to their controls (60% in prednisolone-treated mice v 63% in syrup 

controls), Table 5-18. Cortical tissue area and periosteal perimeter were also 

significantly lower in the mdx:cmah group treated with prednisolone at 20mg/kg; this 

was consistent with the same trends in the WT group (Table 5-19). 

 

Mean polar moment of inertia (J) was also significantly lower in all mice that there 

were given prednisolone at 20mg/kg/day compared to their controls (Tables 5-18 and 

5-19).  

 

There were no significant differences in cortical bone parameters measured in either 

the WT or mdx mice that were given 4 weeks of VBP-6 compared to their controls 

(Tables 5-18 and 5-19 and Figure 5-6). 

 

There were no differences in TMD by group, except in WT mice where the TMD was 

actually greater after 4 weeks of daily VBP-6 by oral gavage (Tables 5-18 and 5-19). 

 

5.5.5 Tibial length, assessed by µ-CT 

Tibial length at 8 weeks was significantly less (0.57 mm difference in WT, 0.88 mm in 

mdx and 1.39mm difference in mdx:cmah) in all the mice given prednisolone 20mg 

/kg daily (Table 5-20). No differences in tibial length were seen after 4 weeks of daily 

VBP-6 treatment in either the WT, mdx or mdx:cmah mice.   
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Parameter Controls 
(PBS)      

Controls 
(syrup) 

Pred 5mg/kg   
(PBS)      

Pred 10mg/kg 
(syrup) 

Pred 20mg/kg  
(syrup) 

VBP6 20mg/kg  
(syrup) 
 

Total growth plate height, µm  153.71 (17.81) 167.54 (28.32) 152.10 (21.44) 166.15 (21.78) 122.1 (17.02)** 157.8 (15.96) 

Height of hypertrophic zone, µm  87.99 (17.52) 54.87 (5.90) 80.49 (10.33) 70.13 (13.19) 59.54 (2.19) 59.33 (2.67) 

Height of proliferative zone, µm  82.87 (8.47) 100.14 (23.71) 75.00 (11.66) 88.11 (17.31) 67.33 (10.66)* 89.54 (14.11) 

Table 5-13 Analysis of GP heights in WT mice given either prednisolone or VBP-6 for 28 days from 4 weeks-of-age. Data presented as 

mean (+/- standard deviation), * denotes p<0.05, ** p<0.01 compared to their respective controls. n=6, except pred 10mg/kg where n=11. 

 

Parameter mdx  
Controls  
(syrup) 

mdx  
Pred 20mg/kg 
(syrup) 

mdx  
VBP6 20mg/kg 
(syrup) 

Total growth plate height, µm  139.39 (9.34) 139.72 (1.72) 145.76 (19.94) 

Height of hypertrophic zone, µm  
 
 

52.00 (6.71) 55.3 (2.34) 61.84 (5.71) 

Height of proliferative zone, µm  75.03 (12.08) 68.55 (7.57) 97.98 (1.16) 

Table 5-14 Analysis of GP heights in mdx mice given either prednisolone or VBP-6 for 28 days from 4 weeks-of age. Data are presented 

as mean (+/- standard deviation). n=6 in each group. 
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Parameter WT  
Controls 
(injection) 

WT  
Dex 5mg/kg 
(injection) 

Mdx  
controls 
(injection ) 

Mdx  
Dex 5mg/kg  
(Injection) 

Total growth plate height, µm 128.16 (7.99) 139.56 (8.30) 144.71 (2.25) 143.85 (10.40) 

Height of hypertrophic zone, µm  52.81 (6.73) 60.48 (4.59) 49.22 (6.62) 59.25 (10.67) 

Height of proliferative zone, µm  68.78 (7.69) 70.89 (11.80) 70.77 (13.53) 86.80 (6.75) 

Table 5-15 Analysis of GP heights in mdx and WT mice on dexamethasone regimens. Data are presented as mean (+/- standard deviation).  

n=6 in each group.
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Figure 5-5 Representative GP images from WT mice given (A) cherry syrup control 

for 28 days from 4 weeks-of age and (B) prednisolone 20mg/kg/day for 28 days 

from 4 weeks-of age, highlighting the reduction in total GP height in (A), shown by 

arrows. (C) Bar chart showing the significant reduction in total GP and proliferating 

zone in WT mice given prednisolone 20mg/kg/day for 28 days from 4 weeks of age 

compared to their controls. There were no differences seen after giving VBP-6 

20mg/kg to WT mice. Data are presented as mean (+/- standard deviation),   

* denotes p<0.05, ** denotes p<0.01 compared to their respective controls.
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Parameter Controls 
(PBS)      

Controls 
(syrup) 

Pred 5mg/kg   
(PBS)      

Pred 10mg/kg 
(syrup) 

Pred 20mg/kg  
(syrup) 

VBP6 20mg/kg  
(syrup) 
 

TV, mm3  2.54 (0.22) 2.33 (0.07) 2.65 (0.27) 2.57 (0.42) 2.45 (0.28) 2.34 (0.30) 

BV, mm3 0.54 (0.12) 0.40 (0.05) 0.60 (0.11) 0.55 (0.19) 0.54 (0.12) 0.45 (0.13) 

TVBV, % 20.92(3.19) 17.0 (1.72) 22.32 (3.08) 21.00 (4.35) 22.37 (5.48) 18.89 (3.44) 

Tb.N, 1/mm 4.11 (0.50) 3.56 (0.24) 4.57 (0.53) 4.50 (0.80)  4.34 (0.80)*** 3.78 (0.41) 

Tb.Th, mm 0.05 (0.05) 0.05 (0.003) 0.05 (0.003) 0.05 (0.002) 0.04 (0.02) 0.05 (0.005) 

Tb.S, mm 0.15 (0.01) 0.16 (0.09) 0.14 (0.01) 0.14 (0.02) 0.13 (0.03)*** 0.16 (0.01) 

SMI 1.73 (0.18) 1.98 (0.08) 1.65 (0.17) 1.70 (0.21)* 1.63 (0.20)* 1.89 (0.18) 

Conn  1289 (254) 1120 (107.2) 1685 (363.3) 1872 (643.2) 2259 (1130)*** 1254 (257) 

Table 5-16 Trabecular bone parameters from µCT in 8 week-old WT mice using different prednisolone and VBP-6 regimens. Data are 

presented as mean (+/- standard deviation).* signifies p<0.05, *** signifies p<0.001 compared to their respective controls. n=6, except 

pred 10mg/kg where n=11.
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Parameter 
(SD) 

mdx:cmah  
controls 
 

mdx:cmah pred 
20mg/kg syrup 

mdx 
controls 

mdx pred 
20mg/kg syrup 

mdx VBP6                 
20mg/kg syrup 

TV, mm3  1.97 (0.15) 1.84 (0.06) 2.51 (0.21) 2.52 (0.18) 2.25 (0.08) 

BV, mm3 0.33 (0.05) 0.32 (0.05) 0.44 (0.08) 0.54 (0.06) 0.34 (0.08) 

TVBV, % 16.88 (2.42) 17.21 (2.77) 17.41 (2.28) 21.55 (1.30) 15.34 (0.58) 

Tb.N, 1/mm 3.35 (0.55) 4.05 (0.53) 3.59 (0.45) 5.27 (0.52)*** 3.33 (0.19) 

Tb.Th, mm 0.05 (0.001) 0.04 (0.00)*** 0.05 (0.003) 0.04 (0.002) 0.05 (0.02) 

Tb.S, mm 0.17 (0.16 0.15 (0.01) 0.17 (0.01) 0.12 (0.01)* 0.17 (0.01) 

SMI 1.96 (0.21) 1.85 (0.16) 1.87 (0.12) 1.80 (0.13) 2.06 (0.04) 

Conn  824.5 (159.0) 1362 (284) 1174 (319) 2460 (545)*** 1022 (74) 

Table 5-17 Trabecular bone parameters from µCT in 8 week-old mdx and mdx:cmah mice given prednisolone or VBP-6. Data are 

presented as mean (+/- standard deviation).* signifies p<0.05, *** signifies p<0.001 compared to their respective controls. n=6 in each 

group. 



Chapter 5 Finding the appropriate GC regimen  

 172 

 

 

 

Parameter Controls 
(PBS)      

Controls 
(syrup) 

Pred 5mg/kg   
(PBS)      

Pred 10mg/kg 
(syrup) 

Pred 20mg/kg  
(syrup) 

VBP6 20mg/kg  
(syrup) 

 

TMD g/cm3 1.40 (0.07) 1.30 (0.06) 1.36 (0.06) 1.39 (0.04) 1.33 (0.03) 1.43 (0.01)** 

Ct.TAr , mm2 1.02 (0.10) 1.00 (0.07) 1.03 (0.08) 0.91 (0.11) 0.93 (0.06)** 0.97 (0.08) 

Ps Pm, mm 3.88 (0.20) 3.86 (0.13) 3.91 (0.17) 3.66 (0.24) 3.70 (0.12) 3.64 (0.12) 

Ct Bar, mm2 0.66 (0.06) 0.64 (0.04) 0.64 (0.06) 0.55 (0.08) 0.52 (0.04)*** 0.62 (0.05) 

Es Pm, mm 2.31 (0.14) 2.31 (0.10) 2.39 (0.10) 2.29 (0.13) 2.40 (0.10) 2.26 (0.12) 

Ct.TV, mm3 0.91 (0.09) 0.92 (0.05) 0.92 (0.07) 0.82 (0.10) 0.80 (0.05)** 0.87 (0.07) 

Ct.BV, mm3 0.59 (0.06) 0.58 (0.03) 0.58 (0.05) 0.49 (0.07) 0.46 (0.03)*** 0.56 (0.05) 

TVBV, % 64.22 (1.76) 63.53 (1.49) 62.44 (2.02) 60.30 (1.99)*** 57.17 (2.23)*** 64.17 (1.49) 

J, mm4 0.15 (0.03) 0.15 (0.02) 0.15 (0.02) 0.11 (0.03) 0.11 (0.02)*** 0.13 (0.02) 

Ct.Th, mm 0.58 (0.03) 0.58 (0.02) 0.59 (0.02) 0.57 (0.01) 0.60 (0.03) 0.56 (0.03) 

Ecc 0.50 (0.07) 0.50 (0.08) 0.55 (0.07) 0.51 (0.06) 0.54 (0.03) 0.52 (0.13) 

Table 5-18. Cortical bone parameters from µCT in 8 week-old WT mice who were given daily vehicle, prednisolone or VBP-6. Data are 

presented as mean (+/- standard deviation). ** signifies p<0.01, *** signifies p<0.001 compared to their respective controls. n=6, except 

pred 10mg/kg where n=11. 
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Parameter (SD) mdx:cmah  
controls 

 

mdx:cmah pred 
20mg/kg syrup 

mdx 
controls 

mdx pred 
20mg/kg syrup 

mdx VBP6 20mg/kg 
syrup 

TMD g/cm3 1.27 (0.03) 1.26 (0.01) 1.29 (0.12) 1.33 (0.10) 1.25 (0.03) 

Ct.TAr , mm2 0.99 (0.001) 0.81 (0.09)*** 1.06 (0.04) 0.87 (0.05)*** 1.04 (0.01) 

Ps Pm, mm 3.86 (0.18) 3.47 (0.20)* 3.97 (0.08) 3.58 (0.14) 3.94 (0.04) 

Ct Bar, mm2 0.66 (0.05) 0.45 (0.05)*** 0.70 (0.03) 0.51 (0.03)*** 0.67 (0.008) 

Es Pm, mm 2.21 (0.11) 2.29 (0.13) 2.29 (0.07) 2.28 (0.08) 2.33 (0.02) 

Ct.TV, mm3 0.89 (0.07) 0.73 (0.07)*** 0.96 (0.04) 0.78 (0.05)*** 0.93 (0.01) 

Ct.BV, mm3 0.59 (0.05) 0.41 (0.05)*** 0.63 (0.03) 0.56 (0.03)*** 0.60 (0.007) 

TVBV, % 66.1 (0.88) 55.46 (1.49)*** 65.57 (1.49) 58.82 (1.17)*** 64.38 (0.82) 

J, mm4 0.15 (0.03) 0.09 (0.02)*** 0.16 (0.01) 0.10 (0.01)*** 0.156 (0.004) 

Ct.Th, mm 0.55 (0.02) 0.58 (0.02) 0.58 (0.02) 0.57 (0.02) 0.57 (0.02) 

Ecc 0.50 (0.07) 0.57(0.09) 0.64 (0.05) 0.49 (0.11) 0.53 (0.14) 

Table 5-19 Cortical bone parameters from µCT in 8 week-old mdx and mdx:cmah mice who were given daily vehicle, prednisolone or 

VBP-6 from 4 weeks-of-age. Data are presented as mean (+/- standard deviation).* signifies p<0.05, *** signifies p<0.001 compared to 

respective control. n=6 in each group. 
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Figure 5-6 Cortical bone parameters assessed by µCT in 8 week-old WT mdx and mdx:cmah mice who were given daily vehicle, 

prednisolone or VBP-6 from 4 weeks-of-age, showing a significant reduction in A) cortical bone volume, B) cortical tissue volume and 

C) cortical tissue volume in all mice models who were given prednisolone compared to their respective controls. Data are presented as 

mean (+/- standard deviation).* signifies p<0.05, ** signifies p<0.01 compared to respective control.  n=6 in each group.
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Figure 5-7 Representative µCT images of tibiae from WT mice culled at 8 weeks-of 

age after:   

A) 4 weeks of cherry syrup by oral gavage 

B) 4 weeks of prednisolone at 20mg/kg/day by oral gavage 

C) 4 weeks of VBP-6 at 20mg/kg/day by oral gavage 

(i)  upper row shows mid-diaphyseal cortical bone and the reduction in cortical bone 

fraction after administration of prednisolone in (Bi) 

(ii) lower row shows metaphyseal trabecular bone with no significant changes seen 

by intervention group.
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Parameter WT controls 

(PBS)      

WT controls 

(syrup) 

WT pred  

5mg/kg  

(PBS)      

WT pred 

10mg/kg 

(syrup) 

WT pred 

20mg/kg  

(syrup) 

WT VBP6 

20mg/kg  

(syrup) 

Tibial length, mm 16.81 (0.38) 16.68 (0.35) 16.52 (0.38) 16.29 (0.46) 16.11 (0.14)** 16.39 (0.57) 

       

 mdx:cmah  
controls 

(syrup) 

mdx:cmah  

pred 20mg/kg  

(syrup) 

mdx 
controls 

(syrup) 

mdx pred 

20mg/kg  

(syrup) 

mdx VBP6  

20mg/kg  

(syrup) 

 

Tibial length, mm 17.07 (0.04) 15.68 (0.21)** 16.86 (0.48) 15.98 (0.36)* 16.64 (0.10)  

Table 5-20 µCT analysis of tibial length in WT, mdx and mdx:cmah mice at 8 

weeks-of-age after 4 weeks of either daily vehicle, prednisolone or VBP-6. Data are 

presented as mean (+/- standard deviation). * denotes p<0.05, ** denotes p<0.01 

compared to respective control group. n=6, except pred 10mg/kg where n=11. 

 
Figure 5-8 µCT analysis of tibial length in WT, mdx and mdx:cmah mice at 8 weeks-

of-age after 4 weeks of either daily vehicle, prednisolone or VBP-6. Data are 

presented as mean (+/- standard deviation). * denotes p<0.05, ** denotes p<0.01 

compared to respective control group. n=6 in each group. 
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5.5.6 Biomechanical properties, assessed by 3-point bending 
Table 5-21 shows that there were no significant differences in biomechanical 

properties between either the WT, mdx, or mdx:cmah mice given prednisolone or 

VBP-6 regimens and their respective controls.  

 

5.5.7 Bone turnover markers assessed by ELISA 

Table 5-22 and Figure 5.9 show that both P1NP and aCTX concentrations were 

significantly lower in the WT mice that were given 4 weeks of prednisolone at 

20mg/kg/day. P1NP concentrations were not tested in the WT mice given 

prednisolone at 10mg/kg/day because there were insufficient volumes of serum 

obtained from cardiac puncture, but the same trend for a reduction in CTX 

concentration after 4 weeks of treatment was seen, although this did not reach 

statistical significance.  

 

Four weeks of VBP-6 treatment at 20mg/kg/day in the WT mice caused a significant 

reduction in P1NP levels, but there was no associated change in aCTX levels (Table 

5-22).  

There were no significant differences seen in the mdx mice who were treated with 

either prednisolone at 20mg/kg/day or VBP-6 at the same dose, compared to their 

respective controls.  

 

5.5.8 Assessment of chondrocyte proliferation rate 
Figure 5-10 shows that chondrocyte proliferation rates, as assessed by PCNA IHC, 

were similar after 4 weeks of either prednisolone or VBP6 in both WT and mdx mice, 

compared to their respective controls.  

 

5.5.9 Static histomorphometry 
There were no significant differences in either osteoblast (Figure 5-11A) or osteoclast 

number/bone surface (Figure 5-11AB) by intervention group, in either the WT or mdx 

mice, when measured at 8 weeks of age.   

 

Table 5-23 shows a summary of the changes observed when mice were either given 

prednisolone at 20mg/kg/day or VBP6 at 20mg/kg/day. 
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Parameter WT controls 
(PBS)      

WT controls 
(syrup) 

WT pred  
5mg/kg           
(PBS)      

WT pred 
10mg/kg 
(syrup) 

WT pred  
20mg/kg  
(syrup) 

WT VBP6 
20mg/kg  
(syrup) 

Maximum load (N) 8.36 (1.11) 6.05 (2.70) 8.70(2.71) 5.82 (2.02) 6.35 (1.59) 7.70 (1.41) 

Deflection at max load (mm) 0.60 (0.11) 0.80 (0.52) 0.84 (0.54) 0.96 (0.56) 0.85 (0.47) 1.16 (0.48) 

Stiffness (Nm) 25401 (4908) 20594 (4852)) 29514 (15759) 23239 (18903) 17952 (4788) 20190 (4196) 

 Parameter mdx:cmah  
controls 
(syrup) 

mdx:cmah 
pred 20mg/kg  
(syrup) 

mdx 
controls 
(syrup) 

mdx pred 
20mg/kg  
(syrup) 

mdx VBP6  
20mg/kg  
(syrup) 

 

Maximum load (N) 8.70 (2.44) 5.14 (1.80) 8.87 (2.50) 6.35 (3.00) 8.63 (1.72)  

Deflection at max load (mm) 0.82 (0.89) 0.75 (0.26) 0.67 (0.15) 0.67 (0.32) 1.03 (0.43)  

Stiffness (Nm) 37791 (31153) 17352 (10669) 26475 (7448) 17576 (1788) 21067 (5462)  

Table 5-21 Biomechanical properties of WT mice given prednisolone and VBP-6 regimens, assessed by 3-point bending.  

Data are presented as mean (+/- standard deviation). n=6, except pred 10mg/kg where n=11. 

 

 WT controls 
(syrup) 

WT Pred 
10mg/kg 

WT Pred 
20mg/kg 

WT VBP6 
20mg/kg 
(syrup) 

mdx 
controls 
(syrup) 

mdx pred 
20mg/kg 
(syrup) 

mdx VBP6    
20mg/kg           
(syrup) 

P1NP (pg/ml) 367.6 (184.2) Not done 159.9 (84.4)* 62.5 (30.4)** 58.3 (27.6) 107.8 (93.6) 55.9 (25.2) 

aCTX (pg/ml) 180.4 (86.9) 105.1 (45.5) 75.7 (23.1)* 112.2 (62.3) 158.3 (99.3) 206.6 (55) 66.4 (25.6) 

Table 5-22 Comparison of bone turnover markers with different GC regimens. Data are presented as mean (+/- standard deviation).* 

signifies p<0.05, ** signifies p<0.01 compared to respective control. n=6 in each group.  
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Figure 5-9 Comparison of bone turnover markers in WT and mdx mice at 8 weeks-

of-age, after 4 weeks of either vehicle, prednisolone 20mg/kg/day or VBP-6 

20mg/kg/day, showing the reduction in both P1NP and aCTX in WT mice treated 

with prednisolone and in aCTX in WT mice treated with VBP-6. Data are presented 

as mean (+/- standard deviation). * signifies p<0.05, ** signifies p<0.01 compared to 

their respective controls. n=6 in each group.
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Figure 5-10 The % of PCNA positive nuclei in the proliferating zone of the GP did not 

vary significantly between the WT or mdx mice given syrup and those given either 

prednisolone (20mg/kg/day) or VBP-6 (20mg/kg/day) for 4 weeks. Data presented are 

mean +/- standard deviation. n=6 in each group. 
 

 
Figure 5-11 Histomorphometric analysis of osteoclast number and osteoblast 

number in A) WT and B) mdx mice. Data presented are mean +/- standard 

deviation. n=6 in each group. 
 

A) There was no significant difference in osteoblast number/bone surface by 

intervention group at 8 weeks-of-age. 

B) There was no significant difference in osteoclast number/bone surface by 

intervention group at 8 weeks-of-age 
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Parameter Prednisolone 
(20mg/kg/day) 

VBP6 
(20mg/kg/day) 

Anthropometry ¯ weight WT (same 
trend in mdx:cmah and 
mdx) 
CR and tail length 
unchanged 

­ weight trend in 
WT and mdx:cmah  
CR and tail length 
unchanged  

Cumulative muscle damage in TA ¯in mdx:cmah and 
same trend in mdx 

¯in mdx:cmah and 
mdx 

Grip strength ­ normalised grip 
strength in mdx 

unchanged 

Height of growth plate zones ¯total height and PZ in 
WT 

unchanged 

Tibial length ¯ unchanged 
Trabecular parameters on µCT ¯ trabecular separation 

in WT and mdx 
¯ trabecular thickness 
mdx:cmah 
¯ SMI in WT 
¯ SMI in WT 

unchanged 

Cortical parameters on µCT ¯ cortical tissue area 
¯ cortical bone area 
¯ cortical tissue vol 
¯ cortical bone vol 

unchanged 

Tissue mineral density unchanged ­ in WT 
Biomechanical properties unchanged unchanged 
Chondrocyte proliferation rate unchanged unchanged 
Creatine kinase assay unchanged unchanged 
Bone turnover markers ¯ P1NP and aCTX in 

WT 
 

Osteoclast/osteoblast number Unchanged 
 

unchanged 

 
Table 5-23 Summary of changes after 4 weeks of prednisolone (20mg/kg/day) or 4 

weeks of VBP 6 (20mg/kg/day) 
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5.6 Discussion 
Low doses of prednisolone and dexamethasone were initially trialled in this study, 

based on results of the studies identified by literature review (Wood et al. 2018). 

However, it became clear after the initial pilot studies that juvenile C57BL10 were 

fairly resistant to GC challenge. Dexamethasone also seemed to be less effective 

than prednisolone in inducing growth retardation so in the latter stages of the study, 

dexamethasone regimens were omitted and only higher doses of prednisolone were 

trialled. Whilst trends for a reduction in longitudinal bone growth, bone resorption and 

cortical bone fraction were seen at a prednisolone dose of 10mg/kg/day, the mice 

appeared to tolerate higher doses comfortably and only prednisolone at a dose of 

20mg/kg bodyweight daily was sufficient to induce growth retardation and changes in 

cortical bone in both the C57BL10 WT mice and DMD models over a 28-day period.  

 

Consistent with the improvement in muscle function seen in boys with DMD who take 

long-term high dose GC (Biggar et al. 2006, Manzur et al. 2008), and in other studies 

of GC in animal models of muscular dystrophy (Yoon et al. 2016, 2018), this study 

has demonstrated an improvement in grip strength in juvenile mdx mice given 4 

weeks of prednisolone at 20mg/kg/day by oral gavage. A reduction in cumulative 

muscle damage by histological analysis of the TA was also seen in the muscular 

dystrophy models, which is in keeping with other studies (Yoon et al. 2016, 2018). 

Although no reduction in CK was demonstrated in GC-treated mice during this study, 

CK is often regarded as a very useful diagnostic biomarker, but not such a reliable 

pharmacodynamic biomarker, due to intra-individual variability, and exercise-related 

fluctuation (Szigyarto et al. 2018). As the mice in this experiment all had grip strength 

performed just prior to cull, this may have affected the results to some extent.  

 

Growth retardation was evident in mice given prednisolone at 20mg/kg/day. A 

significant reduction (46.3%) in the amount of weight gained during the intervention 

period was seen in the WT mice and the same trend observed in the muscular 

dystrophy models. This is consistent with other studies, were BW was 4% less in mdx 

mice treated with a prednisolone implant (0.8-1.3mg/kg/day) after 60 days (Novotny 

et al. 2012) and 20% less after 8 weeks of prednisolone treatment (Yoon et al. 2016) 

In addition, tibial length was significantly less in all muscular dystrophy models after 
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4 weeks of 20mg/kg/day prednisolone and GP height was also significantly less in the 

WT mice treated with 20mg/kg/day prednisolone . 

 

By contrast, and in accordance with the hypothesis, VBP-6 seemed to protect against 

the GC-induced growth retardation as no changes were seen in the anthropometric 

or histological parameters of growth that were assessed during the study. VBP-6 at a 

dose of 20mg/kg/day was able to improve muscle strength and reduce cumulative 

muscle damage in the TA of mdx and mdx:cmah mice, without causing detectable 

skeletal side-effects. In fact, the mice treated with VBP-6 gained significantly more 

weight than their syrup fed controls. The absence of growth retardation is in keeping 

with results from other pre-clinical studies of VBP-15 and further supports the theory 

that VBP-6 and VBP-15 are able to dissociate the GC-associated side-effects from 

their efficacy (Baudy et al. 2012, Damsker et al. 2013, Reeves et al. 2013).  

 

The negative effects of GC on bone growth and strength are well described in patients 

with DMD (Larson et al. 2000, Bianchi et al. 2003, Joseph et al. 2019). In this study, 

the administration of 4 weeks of prednisolone at 20mg/kg/day to both WT and 

muscular dystrophy mice has consistently demonstrated a reduction in cortical bone 

volume, tissue volume and cortical bone fraction. In addition, a change in bone 

modelling/remodelling was suggested in the WT mice by a reduction in both bone 

resorption (CTX) and formation (P1NP) markers. This pattern is common in the later 

stages of GC treatment in humans; typically an increase in bone resorption is seen 

initially, follow by a later stage of suppressed bone turnover where markers of bone 

formation and resorption are often both reduced (LoCascio et al. 1990). In keeping 

with the reduction in cortical bone volume, further evidence for a reduction in 

longitudinal bone growth was demonstration by the reduction in tibial length seen in 

the mice given prednisolone. Another study in mdx mice also showed a similar effect 

on cortical bone geometry and tibial length after prednisolone administration. They 

did not assess trabecular bone parameters so a comparison with this study cannot be 

made (Novotny et al. 2012). In addition, a reduction in the polar moment of inertia was 

demonstrated in all the mice given prednisolone at 20mg/kg/day in this study, which 

suggests that the smaller bones are less resistant to torsion. These findings have also 

been replicated in a recent study investigating the use of bisphosphonates in GC-

treated mdx mice (Yoon et al. 2016).  
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Despite the reduction in cortical bone parameters, no significant changes were noted 

in biomechanical properties of GC-treated mice as assessed by 3-point bending. It is 

possible that the reduction in cortical bone geometry was insufficient to cause a 

reduction in bone strength as assessed by 3-point bending. The study period was 

short (4 weeks) in comparison to a study where prednisolone was given  at a dose of 

4.15mg/kg/day by slow release pellet for 8 weeks and changes in both cortical bone 

geometry and mechanical bone strength were detected (Yoon et al. 2016). However, 

in another study where prednisolone administration for 60 days at a dose of 0.8-

1.3mg/kg/day via slow release pellet resulted in an 8% reduction in cortical bone area, 

only ultimate load was affected and no other changes in biomechanical properties or 

bone density were seen (Novotny et al. 2012). It is therefore possible that µCT is more 

sensitive to identifying changes than biomechanical testing by 3-point bending.  

 

The effects of GC on trabecular bone parameters were not consistent with the 

observed cortical changes. In fact trabecular number and connectivity were increased 

and trabecular separation decreased in both the WT and mdx mice after 4 weeks of 

prednisolone 20mg/kg/day  therapy. In keeping with this, there was no reduction seen 

in either osteoclast or osteoblast number in the metaphyseal bone, which would have 

been expected as GC are known to affect both bone modelling/remodelling in 

humans.  

 

Similar to the results of this study, when prednisolone was given alone to mdx mice 

as a control in an interventional study of vitamin D and pamidronate administration, 

one study group also found an improvement in trabecular bone parameters with a 

large increase in number of trabeculae that were more closely spaced (Yoon et al. 

2018). The same study group found that osteoclast number per bone surface 

increased after 8 weeks of GC treatment in mdx mice but that there was no change 

in osteoblast number (Yoon et al. 2016). It is possible that osteoblast activity may be 

affected without an actual decrease in osteoblast number in metaphyseal bone, which 

may explain why CTX and P1NP concentrations were reduced after GC treatment 

without observed changes in osteoclast or osteoblast number in this study. 

Alternatively, if the cortical bone had been assessed instead, then the findings may 

have been different. Furthermore, the static histomorphometry was only carried out 
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at the time of cull (8 weeks of age), when growth rate had slowed anyway and mice 

were post-pubertal. Therefore it is possible that if the same data were collected earlier 

during the intervention period, changes may have been seen.  

  

Unlike in human studies of GIO where there is a plethora of data to show that GCs 

predominantly affect trabecular bone (Van Staa et al. 2002), especially in the short 

term after exposure, there is less evidence for this phenomenon in mice. In fact, 

consistent with the data shown in this chapter, several studies have only 

demonstrated changes to cortical bone after GC exposure in mice. A recent study 

where prednisolone was given via an osmotic pump at an equivalent dose of 

11mg/kg/day to 12-week old female C57BL6 mice reported a small but significant 

effect of prednisolone on tibial cortical bone (decreased cortical area, cortical 

thickness, cortical bone volume and polar moment of inertia), but no effect on 

trabecular tibial volumetric bone density (Bergström et al. 2018). A similar study 

investigating the effects of prednisolone on femoral bone also found that there was 

no effect on trabecular bone (Abe et al. 2016). There are studies using older C57BL6 

mice that have demonstrated trabecular changes in vertebrae (Rauch et al. 2010) 

suggesting that GC effects on trabecular bone may be site as well as age-specific. 

The subtle increase in trabecular bone in combination with a reduction in cortical 

content and thickness has also been observed in a study where female C57BL6 mice 

were treated with dexamethasone for 2.5 weeks (Grahnemo et al. 2015). Here, the 

increase in trabecular bone density was attributed to alterations in the lymphocyte 

populations and suggested that GC administration resulted in a redistribution of bone 

from the cortical to trabecular compartments. Within the time constraints of this project 

it was not possible to investigate this in greater detail which would have required the 

use of a bone tracer to determine the redistribution of bone.  

 

There are also marked strain differences between mouse models in their susceptibility 

to GIO. The muscular dystrophy mouse models used in this project were all bred on 

a C57BL10 genetic background. It is known that the C57BL6 mice represent a 

challenging strain in in which to try and induce osteopaenia and therefore it is likely 

that similar problems will also be encountered in the C57BL10 mice. Several studies 

have found that the frequently measured parameters consistent with GIO do not 

change in C57BL6 mice but do in other strains, for example CD1 and Swiss-Webster 
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mice (Lane et al. 2006). C57BL6 mice are already known to have a low skeletal mass 

and trabecular bone content at the metaphysis compared to other strains (Judex et 

al. 2004), therefore it is likely that the C57BL10 mice also exhibit a similar phenotype. 

This will likely make it harder to elicit a phenotype. As already discussed in Chapter 

4, this is a particular limitation in the proximal tibia of young mice. If the metaphyseal 

tissue volume comprises only 6-8% of trabecular bone, this will contain only a few 

trabecular profiles and it is possible that there will be insufficient power to detect a 

difference. There may also be mechanisms that prevent GIO in younger mice that 

only become more apparent with age, for example the shift from osteoblastogenesis 

towards adipogenesis in the bone marrow of the older mice may make them more 

susceptible to GC-effects (Bethel et al. 2013).  

 

Since this project began, preliminary data assessing the impact of vamorolone 

(renamed from VBP15) on bone health in 48 children with DMD treated for 2 weeks 

as part of an open-label phase IIa multiple ascending dose study has been released. 

These have shown a significant decrease in CTX, P1NP and osteocalcin (at highest 

dose only) after vamorolone use, but with a reduced potency in decreasing bone 

formation markers relative to prednisolone, coupled with a dose-related reduction in 

bone resorption (in contrast to prednisolone). The exploratory biomarker study also 

showed an increase in IGFBP3 at all doses, but a decrease in IGFBP2 (Conklin et al. 

2018). These data suggest the potential for improvement in bone safety with 

vamorolone compared to traditional GC  This present study has demonstrated that 

VBP-6 at a dose of 20mg/kg/day by oral gavage is capable of rescuing cumulative 

muscle damage in the TA of mdx mice without the negative effects on cortical bone 

geometry that were seen when using prednisolone at an equivalent dose. No change 

in CTX (bone resorption) was seen, but there was a reduction in P1NP levels after 4 

weeks of treatment, suggesting a reduction in bone formation. This is consistent with 

the human studies, where a reduction in bone formation markers were also seen 

(Conklin et al. 2018). The pre-clinical findings provide additional and supportive data 

to suggest the efficacy of VBP-6/15 as a GC-sparing agent.  

 

As the mdx:cmah mouse demonstrated a paradoxical increase in growth rate during 

weeks 3-5, which equate to human ‘childhood’ (Chapter 3) and did not show any 

defect in skeletal development (Chapter 4), this model was not felt to be an 
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appropriate one to take forward to the interventional studies. It did however, as the 

results in this chapter demonstrate, behave in a similar way to the mdx mouse when 

GC were administered. As the mdx is the best characterised mouse model of DMD it 

was therefore decided to use this model to proceed to the final phase of the study, 

where GH and IGF-1 will be used in combination to try and rescue the GC-mediated 

bone and growth phenotype. Based on the results of this chapter, prednisolone will 

be co-administered by oral gavage at a dose of 20mg/kg/day. 
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6 The role of exogenous GH and IGF-1 on the 
bone and growth of muscular dystrophy mice 

6.1 Introduction 
Results from Chapter 5 show that prednisolone given by oral gavage at a dose of 

20mg/kg/day to young mdx mice mimics the side-effect profile seen when boys with 

DMD use daily GC therapy as advised in the Standards of Care for DMD. Growth 

retardation and GIO were demonstrated in juvenile WT and muscular dystrophy 

mouse models. Although GC-treated DMD does not appear to be associated with an 

overt GH or IGF-1 deficiency, it is likely that the combination of chronic disease and 

long-term, high dose GC treatment induce functional GHR resistance or insensitivity 

(Barkan et al. 2000). Despite IGF-1 and GH being clinically available for treatment in 

children, their combined use in DMD has not been investigated before. Having tested 

the most appropriate GC regimen to induce growth retardation and GIO, the final 

study of this project therefore seeks to investigate the efficacy of administering GH 

and IGF-1 in combination to rescue the GC-induced growth and bone phenotype.  

 

GH is the main regulator of IGF-1 action and together they have many interdependent 

and synergistic effects, as described in Section 1.4, as well as independent effects. 

For example, GH stimulates pre-chondrocyte differentiation whilst chondrocytes may 

be more responsive to IGF-1 (Lindahl et al. 1987). Given that they also have 

contrasting effects on glucose metabolism, combined administration may therefore 

result in a more effective strategy to improve growth and skeletal development than 

giving either alone, whilst also limiting the hyperglycaemia/insulin resistance or 

hypoglycaemia that are associated with individual administration of GH or IGF-1, 

respectively (Janssen 2009)  Co-administration has been shown to have an additive 

effect in studies of rats with chronic renal failure and GH deficiency as well as in 

humans with caloric restriction and children with idiopathic short stature (Kupfer et al. 

1993, Clark et al. 1995, Fielder et al. 1996, Backeljauw et al. 2015). If the in vivo 

studies described in this chapter are successful, this work could be carried forward to 

clinical trials in patients with DMD. 
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6.2 Hypothesis 
Exogenous GH and IGF-1 given in combination for 4 weeks is able to rescue the GC-

induced skeletal impairment and growth retardation in mdx mice.  

 

6.3 Aims 
1. Compare parameters of muscle function 

2. Compare gross growth rates  

3. Assess rates of growth within the growth plate 

4. Assess bone structure and density 

5. Assess biomechanical properties of bone. 

 

The studies will compare 6-8 male mdx mice in three different groups: 

1) Mice given cherry syrup vehicle by oral gavage, SC injection of vehicle and 

vehicle (via osmotic pump) from 5 to 9 weeks-of-age.  

2) Mice given GC by oral gavage, SC injection of vehicle and vehicle (via osmotic 

pump) from 5 to 9 weeks-of-age.  

3) Mice given a combination of GC by oral gavage, rhGH (via twice daily SC 

injection) and rhIGF-1 (via osmotic pump) from 5 to 9 weeks-of-age. 
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6.4 Material and Methods 
 

6.4.1 Administration of GC or vehicle 
Pilot studies were performed (see Chapter 5) to investigate the tolerability and efficacy 

of different regimens of GC in the muscular dystrophy mouse models and their WT 

controls. Following the pilot studies it was decided to proceed with prednisolone in 

cherry syrup suspension at 20mg/kg/day, given via oral gavage (or the equivalent 

volume of cherry syrup as vehicle).  Suspensions were made up so that 10ul/g 

bodyweight were given daily to each mouse. GC was given daily from day 35 (5 

weeks-of-age) to cull at day 62-64 (9 weeks-of-age). 

 

6.4.2 Administration of GH and IGF-1 or vehicle 
rhGH was given by SC injection at a dose of 3mg/kg twice daily, from day 35 (5 weeks) 

to cull at day 62-64 (9 weeks-of-age), except for at weekends when only one dose 

was given daily due to staffing within the BRF. In the animals receiving vehicle the 

equivalent volume of physiological saline was injected (see Section 2.2.10).  

 

Either rhIGF-1 or the equivalent volume of physiological saline was given by micro-

osmotic pump at a dose of 1mg/kg/day, as described in Chapter 2.2.11. The pump 

was implanted at day 32 and 48 hours was given for wound healing before the SC 

injections and oral gavages were commenced.  

 

6.4.3 Grip strength  
Forelimb grip strength testing was performed using a grip strength meter with a 

specialized mouse grid (Harvard Biosciences, Massachusetts, USA), either on the 

day of, or within 24 hours prior to cull. See Chapter 2.3.1 for more details.  

 

6.4.4 Creatine kinase assay 
Quantification of serum creatine kinase activity was carried out using a Pointe 

Scientific kit (Chapter 2.3.3). The change in NADPH absorbance was measured every 

30s at 340nm for 4 mins at 25°C and the mean value calculated. 
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6.4.5 Muscle histology 
The tibialis anterior (TA) muscle of the lower hind limb was used to determine muscle 

necrosis and inflammation and response to intervention. Sections were cut at a width 

of 6μm and H&E staining was used for histological assessment of muscle pathology, 

as outlined in Chapter 2.3.2. 

 

6.4.6 Gross body growth parameters 
Animals were measured twice weekly from day 32 until cull, by staff in the BRF. Body 

weight, crown to rump and tail lengths were taken using the same digital weighing 

scales and a ruler.  

 

6.4.7 Testes weight 
Testes were dissected immediately post cull and weighed on the same digital scales 

for every mouse. A combined weight is presented, alongside a weight normalised to 

BW.  

 

6.4.8 Analysis of growth plate height 
Right tibiae were removed at dissection and fixed in 10% NBF for up to one week. 

They were then decalcified and embedded in paraffin wax (Chapter 2.4.2). Sections 

were cut at 6 μm and stained with H&E; further details are given in Chapter 2.4.8. 

Images were captured using a Zeiss AxioImager brightfield microscope. The growth 

plate zone heights were measured using Fiji (Schindelin et al. 2012). Ten 

measurements were taken per section and the mean height calculated for each zone. 

 

6.4.9 Micro Computed tomography (µCT) 

Left tibiae were dissected and stored at -20°C in water until required. µCT was carried 

out according to the protocol described in Chapter 2.4.4. 

 

6.4.10 Tibial length measurement 

Tibial length was measured using images of the left tibia, obtained by µCT and viewed 

in Dataviewer, as outlined in Section 2.4.4. 
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6.4.11 Biomechanical properties assessed by 3-point bending 

3-point bending was performed on all left tibiae as soon as possible after µCT 

analyses, as described in Section 2.4.5. 

 

6.4.12 Assessment of bone turnover markers by ELISA 
Blood samples were obtained by cardiac puncture at the time of cull. Serum was 

extracted and stored at -80°C  until required. Serum αCTx and P1NP levels were 

measured as described in Section 2.4.6. 

 

6.4.13 Static histomorphometry 
Static histomorphometry was performed on paraffin-embedded, decalcified sections 

of proximal right tibiae (Section 2.4.2). A combination of TRAP and fast-red staining 

was used to enable osteoclasts to be identified . Osteoblasts were identified using 

Goldners trichome staining, see Section 2.4.8 for further details. The ROI included 

only metaphyseal trabecular bone and extended from 50um below the GP. Osteoblast 

and osteoclast number per bone surface were determined using BioqantOsteo v 

17.2.6 (Bioquant Image Analysis Corp, Nashville, Tennessee, USA).  

 

6.4.14 Assessment of chondrocyte proliferation rate  
IHC for PCNA detection was performed on sections from right proximal tibiae, as 

described in Section 2.4.11.
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6.5 Results 
Throughout this chapter, the intervention groups will be referred to as groups 1,2, and 

3. These correspond to: 

Group 1)  8 mdx mice given cherry syrup vehicle by oral gavage, SC injection of saline 

vehicle and saline vehicle (via osmotic pump) from 5 to 9 weeks-of-age.  

Group 2)  6 mdx mice given prednisolone (20mg/kg/day by oral gavage), SC injection 

of saline vehicle and saline vehicle (via osmotic pump) from 5 to 9 weeks-of-age.  

Group 3)  6 mdx mice given a combination of prednisolone (20mg/kg/day by oral 

gavage), rhGH ( 3mg/kg via twice daily SC injection) and rhIGF-1 (1mg/kg/day via 

osmotic pump) from 5 to 9 weeks-of-age. 

 

6.5.1 Grip strength 
Absolute grip strength was higher in the mice in group 3 (prednisolone and rhGH/IGF-

1) then in either groups 2 (pred+vehicle) or 1 (vehicle only), p<0.01 and p<0.05 

respectively. When grip strength was normalised to bodyweight, it was significantly 

greater in both the mice in group 2 (p<0.01) and group 3 (16.9% increase, p<0.05) 

compared to those in group 1 who were given vehicle only, see Table 6-1 and Figure 

6.1. 

 

6.5.2 Creatine kinase assay 
There was no significant change in serum CK levels by intervention group in mdx 

mice at 9 weeks-of-age (Table 6-2). Levels were consistently 3-5 times higher than 

the serum CK levels seen in the WT mice when measured at 7 weeks-of-age in 

Chapter 3.  

 

6.5.3 Muscle Histology 
Histological analysis of the TA muscle in all 3 groups of mice revealed clear evidence 

of muscle necrosis with inflammatory infiltration alongside evidence of regeneration 

with larger, irregular muscle fibres containing central nuclei (Figure 6-2 A, B, C). There 

were no significant differences in the amount of inflammation or muscle regeneration 

in group 3 compared to either the mdx control mice (group 1) or the mdx mice treated 

with prednisolone in group 2 (Figure 6-2D).  
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6.5.1 Gross body growth parameters 
As also shown in Chapter 5, bodyweight at cull was significantly lower in mice given 

4 weeks of prednisolone by oral gavage at a dose of 20mg/kg/day compared to control 

mice. The same trend was also seen for a reduction in % bodyweight gain in the GC-

treated mice, but this did not reach statistical significance. (Table 6-4 and Figure 6-

3). The administration of rhGH and rhIGF-1 in group 3 were unable to rescue the GC-

induced weight deficit in group 2. Gain in crown-rump length and tail length during the 

course of the study were also lower in the GC-treated mice in group 2 compared to 

those given cherry syrup in group 1. In contrast to the BW data, the administration of 

both rhGH and rhIGF-1 in group 3 was sufficient to rescue the linear growth 

retardation caused by GC alone in group 2 and cause an overall significant difference 

in both crown-rump gain and tail length gain growth parameters during the 4 week 

study period, compared to those given prednisolone alone (CR length gain of 1.35cm 

in group 3 v 0.64cm in group 2 and tail length gain of 0.95cm in group 3 v 0.32cm in 

group 2, see Table 6-4 and Figures 6-3 and 6-4.) The gains in tail length and crown-

rump in the mdx mice from group 3 were not significantly greater than those in group 

1, although there was a trend for increased growth rate compared to the controls 

(Table 6-4 and Figures 6-3 and 6-4.).  

 

6.5.2 Testes weight 
There was no significant difference in either testes weight, or testes weight, 

normalised to BW in mdx mice at 9 weeks of age, after 4 weeks of intervention (Table 

6.5).  
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Table 6-1 Absolute and normalised grip strength data. Data are presented as mean 

(+/- standard deviation). * denotes p<0.05, ** denotes p<0.01 when compared to 

vehicle group, D  denotes p<0.05 when compared to group 2 (pred + vehicle). n= 8 in 

group 1, and 6 each in groups 2 and 3.  

 

 

 

 
Figure 6-1 Normalised mean grip strength by interventional group, showing the 

significant increase in grip strength in groups 2 and 3, * denotes p<0.05, ** denotes 

p<0.01, compared to group 1(vehicle only). n= 8 in group 1, and 6 each in groups 2 

and 3.  

 

 

 

Parameter Vehicle (1)      Pred+ vehicle (2)  Pred+GH+IGF-1 (3) 

Absolute grip strength, g (SD) 103.13 (12.66) 98.46 (17.09) 125.41 (11.60)**, D 

Grip strength normalised to 
bodyweight (SD) 

3.80 (0.61) 4.66 (0.67)*   5.61 (0.83) ** 
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Table 6-2 Serum CK levels were similar in all groups of mice at 9 weeks-of-age. Data 

are presented as mean (+/- standard deviation). n= 8 in group 1, and 6 each in groups 

2 and 3.  

 

Table 6-3 TA muscle pathology in mdx mice at 9 weeks-of-age was unchanged in the 

intervention groups. Data are presented as mean (+/- standard deviation). n= 8 in 

group 1, and 6 each in groups 2 and 3.  

 

 

 

Parameter Vehicle (1)      Pred+ vehicle (2)  Pred+GH+IGF-1 (3) 

CK 

 

 

 

 

697.7 (546.9) 

 

 

916.9 (420.2)  

 

 

 

1100.6 (243.5) 

 

 

Parameter Vehicle (1)      Pred+ vehicle (2)  Pred+GH+IGF-1 (3) 

% of inflammatory 
cells, signifying active 
cell damage (SD) 

 

 

2.85 (1.78) 

 

4.35 (2.88) 

 

 

2.40 (1.88) 

 

% of central nuclei, 
signifying 
regeneration (SD) 

2.51 (1.65) 2.51 (1.09) 2.73 (1.50) 

Cumulative 
percentage (SD) 

5.37 (2.85) 6.86 (2.86) 5.13 (3.16) 
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Figure 6-2 TA muscle pathology in mdx mice at 9 weeks-of-age in: 

A) H&E stained section of TA treated with vehicle only. Black arrow highlighting 

presence of inflammatory cells. 

B) H&E stained section of TA treated with prednisolone and vehicle. Black arrow 

showing area of regeneration with larger myofibres and central nuclei. 

C) H&E stained section of TA treated with daily prednisolone, GH and IGF-1 for 4 

weeks showing muscle cell inflammation ( red arrow) and regeneration (blue arrow).  

D) The number of cells showing muscle cell inflammation and regeneration were 

similar in all three groups Data are presented as mean (+/-standard deviation).
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Table 6-4 Change in mdx growth parameters during the study period, by intervention 

group. Data are presented as mean (+/- standard deviation), ** denotes p<0.01, *** 

denotes p<0.001 compared to group 1, DDdenotes p<0.01 compared to group 2. n= 8 

in group 1, and 6 each in groups 2 and 3.  

 

 

 
Figure 6-3 Change in mdx growth parameters during the study period, by intervention 

group. Data are presented as mean (+/- standard deviation),  DDdenotes p<0.01 

compared to group 2 (pred + vehicle). n= 8 in group 1, and 6 each in groups 2 and 3.  

 

 

Parameter Vehicle (1)      Pred+ vehicle (2)  Pred+GH+IGF-1 (3) 

Bodyweight at cull, in g  27.35 (2.42) 21.07 (1.27)*** 

 

22.56 (1.71)** 

Gain in BW , in %  32.12 (17.20) 27.98 (10.21) 31.90 (13.75) 

Gain in crown-rump 
length, in cm  

1.00 (0.65) 0.64 (0.30) 1.35 (0.45) DD 

Gain in tail length, in cm  0.60 (0.27) 0.32 (0.14) 0.95 (0.40) DD 
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Figure 6-4 Mean crown-rump length at each timepoint during the intervention period 

showing the growth retardation in the mdx mice given prednisolone and the increased 

growth velocity in the mdx mice given rhGH and rhIGF-1 in addition to prednisolone. 

n= 8 in group 1, and 6 each in groups 2 and 3.  

 

Table 6-5 Combined testes weight in mdx mice at 9 weeks-of-age, showing no 

significant difference by intervention group. Data are presented as mean (+/- 

standard deviation). n= 8 in group 1, and 6 each in groups 2 and 3.  
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Parameter Vehicle (1)      Pred+ vehicle (2)  Pred+GH+IGF-1 (3) 

Combined testes 
weight, in g (SD) 

0.121 (0.27) 0.112 (0.14) 0.138 (0.40) 

Combined testes 
weight, normalised to 
BW (SD) 

0.0044 (0.002) 0.0054 (0.002) 0.0061 (0.001) 
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6.5.3 Analysis of growth plate height 
Although there was a trend for greater total GP height and hypertrophic zone height 

in the mice treated with rhGH and rhIGF-1 (group 3) compared to both groups 1 and 

2, as highlighted in the representative images in Figure 6-5, this did not reach 

statistical significance, see Table 6-6.  

 

6.5.4 Trabecular bone parameters assessed by µCT 
Consistent with the data presented in Chapter 5, GC treatment of mdx mice caused 

a reduction in both trabecular thickness and separation, which was unchanged by the 

addition of GH and IGF-1 in group 3 (Table 6-7). In addition, trabecular number, bone 

fraction and connectivity were also increased in groups 2 and 3 compared to the GC-

naïve group 1, but again the addition of GH and IGF-1 did not materially alter these 

findings.  

 

6.5.5 Cortical bone parameters assessed by µCT 

There were no significant differences in TMD by intervention group; in keeping with 

the results in Chapter 5, giving prednisolone did not significantly affect TMD (Table 6-

8). As also shown in Chapter 5, cortical bone area and bone volume were significantly 

less in the mice in groups 2 and 3 that were treated with prednisolone at 20mg/kg/day. 

In keeping with this, cortical bone fraction was also significantly less in these groups 

(58.8 and 59.4% in groups 2 and 3 respectively compared to 66.2% in group 1, see 

also Figure 6-8). Cortical tissue area and volume were also smaller in groups 2 and 

3. The addition of rhGH and rhIGF-1 in combination to mdx mice who were treated 

with prednisolone did not appear to be able to rescue the cortical bone deficit caused 

by GC as the cortical bone values in group 3 were very similar to those found in group 

2 (Table 6-8 and Figure 6-7). 

 

6.5.6 Tibia length measurement 

When tibia length was measured by µCT, bone length was reduced in the mice that 

received 4 weeks of prednisolone at 20mg/kg/day (groups 2 and 3). The addition of 

rhGH and rhIGF-1 did not appear to be able to rescue the GC-induced reduction in 

bone growth (Table 6-9). 
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Table 6-6 Analysis of overall height and individual growth plate zone heights in mdx 

mice at 9 weeks-of age, showing no significant difference by intervention group. Data 

are presented as mean (+/- standard deviation). n= 8 in group 1, and 6 each in groups 

2 and 3.  

 

 

 
Figure 6-5 Representative H&E stained GP images from:  

A) mdx mouse from group 2  

B) mdx mouse from group 3, showing  the trend for increase in total GP height and of 

individual proliferative and hypertrophic zones.  

Parameter  Vehicle (1)       Pred+ vehicle (2)  Pred+GH+IGF-1 (3) 

Height of total growth plate, µm  139.39 (9.34) 139.7 (1.72) 155.96 (16.78) 

Height of hypertrophic zone, µm  52.00 (6.71) 55.3 (2.34) 60.52 (7.03) 

Height of proliferative zone, µm  75.03 (12.08) 68.55 (7.57) 60.52 (7.05) 
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Parameter Vehicle (1)      Pred+ vehicle (2)  Pred+GH+IGF-1 (3) 

TV, mm3  2.54 (0.21) 2.52 (0.18) 2.69 (0.31) 
BV, mm3 0.45 (0.08) 0.54 (0.05) 0.55 (0.09) 

TVBV, % 17.60 (2.18) 21.55 (1.30)** 20.38 (2.37)** 

Tb.N, 1/mm 3.63 (0.43) 5.27 (0.52)*** 5.15 (0.62)*** 

Tb.Th, mm 0.05 (0.002) 0.04 (0.002)*** 0.04 (0.002)*** 

Tb.S, mm 0.16 (0.01) 0.12 (0.01)*** 0.13 (0.01)*** 

SMI 1.87 (0.11) 1.80 (0.13) 1.89 (0.14) 

Conn  1202 (305) 2460 (545)*** 2703 9372)*** 

Table 6-7 Trabecular bone parameters from µCT in mdx mice at 9 weeks-of-age, after 

either 4 weeks of (1) vehicle only,(2) pred + vehicle or (3) pred+rhGH+rhIGF-1. Data 

are presented as mean (+/- standard deviation). ** signifies p<0.01, *** signifies 

p<0.001 compared to control group (1). n= 8 in group 1, and 6 each in groups 2 and 

3.  

 
Figure 6-6 Trabecular bone parameters assessed by µCT in mdx mice culled at 9 

weeks-of-age. A) and B) show an increase in trabecular number and corresponding 

reduction in trabecular separation in groups 2 and 3 compared to group 1.  

C) shows a reduction in trabecular thickness and an overall increase in trabecular 

bone fraction in groups 2 and 3 compared to control (group 1). Data are presented as 

mean (+/- standard deviation), ** denotes p<0.01, *** denotes p<0.001 compared to 

group 1. n= 8 in group 1, and 6 each in groups 2 and 3.  
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Parameter Vehicle (1)      Pred+ vehicle (2)  Pred+GH+IGF-1 (3) 
TMD g/cm3 1.28 (0.12) 1.33 (0.10) 1.30 (0.04) 

Ct.TAr , mm2 1.08 (0.05) 0.87 (0.05)*** 0.88 (0.09)*** 

Ps Pm, mm 4.12 (0.44) 3.58 (0.14)** 3.60 (0.19)** 

Ct Bar, mm2 0.71 (0.05) 0.51 (0.03)*** 0.53 (0.06)*** 

Es Pm, mm 2.29 (0.07) 2.28 (0.08) 2.28 (0.12) 

Ct.TV, mm3 0.97 (0.04) 0.78 (0.05)*** 0.79 (0.08)*** 

Ct.BV, mm3 0.64 (0.04) 0.46 (0.03)*** 0.47 (0.06)*** 

TVBV, % 66.18 (2.20) 58.82 (1.17)*** 59.42 (2.68)* 

J, mm4 0.19 (0.06) 0.10 (0.01) 0.11 (0.02) 

Ct.Th, mm 0.58 (0.02) 0.57 (0.02) 0.57 (0.03) 

Ecc 0.67 (0.08) 0.49 (0.11)* 0.54 (0.12) 

Table 6-8 Cortical bone parameters from µCT in mdx mice at 9 weeks of age, after 

either 4 weeks of (1) vehicle only, (2) prednisolone or (3) pred+ rhGH+ rhIGF-1. Data 

are presented as mean (+/- standard deviation). * signifies p<0.05, *** signifies 

p<0.001 compared to control group (1). n= 8 in group 1, 6 each in groups 2 and 3.  

 

 
Figure 6-7 Cortical bone parameters assessed by µCT. Data are presented as mean 

(+/- standard deviation). * denotes p<0.05, *** denotes p<0.001 when compared to 

group 1. Bar graphs show reduced A) cortical bone volume, B) cortical tissue volume 

and C) cortical bone fraction in the mdx mice in group 2 who were given 4 weeks of 

prednisolone compared to group 1. The addition of rhGH and rhIGF-1 in group 3 did 

not rescue the cortical bone deficit. n= 8 in group 1, and 6 each in groups 2 and 3.  
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Figure 6-8 Representative µCT images of tibiae from mdx mice at 9 weeks-of-age 

after 4 weeks of intervention  

A) Show mid diaphyseal cortical bone in i) group 1(vehicle only), ii) group 2 (pred 

and vehicle) and group 3 (pred, rhGH and rhIGF-1) 

B) Show metaphyseal trabecular bone in i) group 1(vehicle only), ii) group 2 (pred 

and vehicle) and group 3 (pred, rhGH and rhIGF-1) 

 

 

Parameter (SD)  vehicle (1)    pred +vehicle(2)  pred+GH+IGF-1 (3) 

Tibial length on µCT, mm  16.91 (0.44) 15.98 (0.36)** 15.87 (0.49)** 

 
Table 6-9 µCT analysis of tibial length in mdx mice at 9 weeks-of-age, by intervention 

group. Data are presented as mean (+/- standard deviation) ** denotes p<0.01 when 

compared to group 1. n= 8 in group 1, and 6 each in groups 2 and 3.  
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6.5.7 Biomechanical properties assessed by 3-point bending 
There were no significant differences in the biomechanical properties of the mdx tibiae 

by intervention group (Table 6.10). Results for work to maximum load, load at rupture 

and deflection at rupture are not shown but also displayed the same trends.  

 

6.5.1 Assessment of bone turnover markers by ELISA 
There was no significant difference between serum bone turnover markers after the 

addition of rhGH and rhIGF-1 to GC-treated mice in group 3 (Table 6-11).  

 

6.5.2 Static histomorphometry 
There were no significant differences in either osteoclast or osteoblast number/ bone 

surface by intervention group (Figure 6-10).  

 

6.5.1 Assessment of chondrocyte proliferation rate  
There was no significant difference in the percentage of PCNA positive nuclei seen in 

chondrocytes of the proximal tibial GP of 9-week-old mdx mice, irrespective of 

intervention group (Figure 6-11).  
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Parameter  vehicle (1)    pred +vehicle(2)  pred+GH+IGF-1 (3) 

Maximum load, N 9.06 (2.38) 7.16 (1.84) 6.15 (1.16) 
Deflection at max load, 
mm 

0.65 (0.14) 0.64 (0.17) 0.62 (0.11) 
Stiffness, Nm 27423 (7399) 31407 (20054) 17724 (5373) 

 
Table 6-10 Biomechanical properties assessed by 3-point bending in mdx mice at 9 

weeks of age, by intervention group. Data are presented as mean (+/- standard 

deviation). n= 8 in group 1, and 6 each in groups 2 and 3.  

 

 

 

Parameter mdx +vehicle (1)      mdx+pred (2)  mdx+pred+GH+IGF-1 (3) 

P1NP   59.4 (25.8)   32.5 (21.9)   47.7 (23.4) 
aCTX 159.2 (92.0) 224.5 (61.9) 212.9 (81.4) 
 
Table 6-11 Bone turnover markers in mdx mice at 9 weeks of age, by intervention 

group. Data are presented as mean (+/- standard deviation). n= 8 in group 1, and 6 

each in groups 2 and 3.  

 

 

 

 
Figure 6-9 Serum bone turnover markers in mdx mice at 9 weeks-of-age after 4 

weeks of intervention. n= 8 in group 1, and 6 each in groups 2 and 3.  
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Figure 6-10 Histomorphometric analysis of osteoclast and osteoblast number in mdx 

mice culled at 9 weeks-of-age. 
A) Example of Goldners trichome stained section from proximal tibia metaphysis 

of a 9-week-old mdx mouse from group 1 (after 4 weeks of cherry syrup 

vehicle) showing cuboidal shaped osteoblasts (arrow) on trabecular bone 

surface. 

B) Representative TRAP activity (arrow) and fast-red stained image of trabecular 

bone from proximal tibia metaphysis of 9-week-old mdx mouse from group 1 

(after 4 weeks of cherry syrup vehicle).  

C) Quantification of osteoblast number/bone surface by intervention group in 

mdx mice culled at 9 weeks-of-age 

D) Quantification of osteoclast number/bone surface by intervention group in 

mdx mice culled at 9 weeks-of-age.



Chapter 6 The role of exogenous GH and IGF-1 on the bone and growth of 

muscular dystrophy mice 

 

 209 

 
Figure 6-11  
A) Representative image from haematoxylin-DAB stained proximal tibial sections of 

9 week-old mdx mice after 4 weeks of cherry syrup vehicle only (group 1) 

B) a box (mean) and whisker (standard deviation) plot, highlighting the lack of 

significant difference in the percentage of PCNA positive nuclei by intervention type.  
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6.6 Discussion 
The results of this study suggest that both prednisolone given alone and alongside a 

combination of rhGH and rhIGF-1 for 4 weeks improves both absolute and BW-

normalised grip strength in young adult mdx mice. Absolute grip strength data also 

suggested that there was an additional strength increase in the mice given rhGH and 

rhIGF-1, compared to those mice given GC alone. Whilst the same trend was also 

observed in the normalised grip strength data, the difference did not reach statistical 

significance. This is consistent with a study where rhIGF-1 was given to adult mdx 

mice (aged 5-6 weeks-of-age), for 8 weeks at the same dose as in the current study, 

which resulted in a 49% increase muscle contraction force (Gregorevic et al. 2004).  

 

This study has not demonstrated a change in the muscle necrosis or regeneration 

parameters measured by histology of the TA. This is in contrast to data from other 

studies using the mdx mouse which have suggested that transgenic over expression 

of IGF-1 in dystrophic mice led to increased muscle fibre size and number and a 

reduction in myofibre necrosis (Barton et al. 2002, Shavlakadze et al. 2004). The 

results are however in keeping with the study by Gregorevic and colleagues who did 

not report an increase in myofibre size. In their study they found a 4-fold increase in 

serum IGF-1 but no change in muscle IGF-1 concentration. This suggests that a 

muscle-specific targeted over-expression may be required to directly affect myofibre 

necrosis and subsequent regeneration (Gregorevic et al. 2004)  

 

The results in this chapter show an increase in somatic growth rate during 4 weeks of 

combination rhGH and rhIGF-1 therapy, as demonstrated by increases in both crown-

rump length and tail length. Bodyweight gain also showed the same trends, but did 

not show a statistically significant difference. It is not a surprise that BW gain was not 

as useful a marker of increased somatic growth compared to crown-rump length and 

tail length. Bodyweight does not necessarily reflect linear growth (Lupu et al. 2001) 

and has already been described in Chapter 3 as a crude marker of growth at best. 

GH changes body composition and has been shown to reduce the percentage of fat 

tissue which may confound any apparent changes in BW gain (Kasukawa et al. 2003). 

The effects of GH on bodyweight also appear to be sexually dimorphic. For example, 

GH overexpression in transgenic mice had little or no effect on BW at 3 weeks of age 
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in mice of either sex, and after this point, BW gain was only more marked in the female 

mice (Eckstein et al. 2004). In the current study, there was also a trend towards 

increased testes weight in group 3 (Table 6-5). The anabolic effects of GH and IGF-1 

may have promoted somatic growth of other organs, such as the liver, kidney, thymus 

and spleen. As this was not the focus of this study, however, organs, apart from the 

testes were not weighed therefore it is unknown whether the combination therapy had 

an anabolic effect on organ size.  

 

Despite demonstrating an improvement in somatic growth when juvenile mdx mice 

were treated with 4 weeks of rhGH and rhIGF-1 alongside prednisolone, there was 

no evidence of an anabolic effect on bone, and GH and IGF-1 given alongside 

prednisolone were unable to rescue the GC-induced cortical bone phenotype that was 

clearly demonstrated in Chapter 5 and has been replicated here (Table 6-8 and Figure 

6-7). There is robust evidence for the anabolic effects of IGF-1 on skeletal 

development in vitro (Zhang et al. 2002, Oh et al. 2003). However, the relative 

importance of local versus systemic IGF-1 in bone turnover and formation is less clear 

in vivo, and in particular, the evidence of an anabolic bone effect in rodents is 

conflicting. For example, systemic IGF-1 administration partially rescued the bone 

phenotype in the GH receptor deficient mouse by improving cortical bone thickness 

without an impact on trabecular bone (Yakar et al. 2002). Another study showed that 

IGF-1 infusion into ovariectomised rats increased trabecular bone turnover and 

cortical porosity, resulting in reduced BMC (Ibbotson et al. 2009). Others have 

demonstrated an increased bone formation rate (Ammann et al. 1993, Mueller et al. 

1994). Interestingly, in a further study the increased bone formation rate in 

osteocalcin/IGF-1 transgenic mice was not associated with an increased number of 

osteoblasts, osteoclasts or osteocytes. The authors therefore concluded that 

individual osteoblast activity must be increased (Zhao et al. 2000). 

 

The absence of an increase in bone turnover markers in this study is also consistent 

with other studies where a reduction in bone turnover markers was reported in GH 

over-expressing transgenic mice (Eckstein et al. 2004). In humans, IGF-1 at high 

doses has been shown to increase biochemical markers of bone turnover, but at low 

doses, the effect seems to be limited to osteoblast function, without a corresponding 
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effect on bone resorption (Grinspoon et al. 1996). Serum markers also only provide 

indirect evidence of bone formation and resorption rates. 

 

No significant differences were seen in either osteoclast or osteoblast number per 

bone surface by intervention type, and chondrocyte proliferation rate within the GP 

remained unchanged between any of the intervention groups. There were also no 

differences in biomechanical properties assessed by 3-point bending.  It is unclear 

why there were no changes in osteoblast or osteoclast number or chondrocyte 

proliferation rate within the GP in the mice treated with a combination of GH and IGF-

1 as both hormones are known to influence osteoblast growth and differentiation 

(Zhao et al. 2000).  IGF-1 acts as a systemic and local regulator of osteoblast function 

(Gazzerro et al. 2006). IGF-1 dimerizes on ligand binding and undergoes 

autophosphorylation, leading to the activation of insulin receptor substrates IRS1 and 

2. IGF-1 stabilises the b-catenin enhancing Wnt dependent activity by inducing PI3K 

and activating Wnt (Playford et al. 2000). Systemic IGF-1 appears to contribute more 

to cortical bone integrity while local IGF-1 seems to have a greater role in trabecular 

bone development (Wu et al. 2009).  

 

It may be that higher doses of either hormone or both would be required to induce an 

anabolic bone effect. The dose response effect of combined GH and IGF-1 

intervention may also be more complex due to the concomitant administration of GCs. 

GC cause osteoporosis by inhibiting Wnt signaling (Canalis et al. 2007). GC also 

decrease IGF-1 transcription in osteoblasts (Delany et al. 2001). The GR also binds 

STAT5 and therefore interferes with downstream GH signaling and acts as a 

functional GH antagonist (Herrington et al. 2001). It may be that the circulating levels 

of GC in this study were such that the addition of GH and IGF-1 at the levels used 

within this study was insufficient to provide an anabolic stimulus to bone. Although it 

was outside the remit of this project, it would have been interesting to have an 

additional intervention group to investigate the role of combined GH and IGF-1 

administration without GC. Prolactin and GH also have similar tertiary structures and 

human GH also binds to the prolactin receptor in mice. It is not possible from the 

experiments carried out in this study to differentiate between the actions of GH and 

prolactin.  
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It is also possible that the 4-week intervention period was sufficient to demonstrate 

somatic growth promoting effects, but insufficient to enhance longitudinal bone 

growth; sensitivity to GH in target tissues is known to be time and tissue-dependent 

(Kasukawa et al. 2003). There is a critical post-weaning growth spurt in mice, with 

initiation of GH action at approximately 2 weeks of age. This phase of growth peaks 

at 25 days and then subsequently declines. Studies have shown that growth 

retardation in mouse mutants lacking the GH/IGF-1 receptor were most marked 

during this period (Lupu et al. 2001). It is possible, therefore, that if the intervention 

had started earlier, than larger changes and also anabolic skeletal development may 

have been observed as well. This was not possible as the animal house stipulated 

that the mice had to weigh a minimum of 15g prior to pump implantation and therefore, 

based on the body weights recorded in Chapter 3, the intervention period could not 

begin until approximately day 35. It is difficult to balance the most appropriate 

intervention period to identify changes in somatic growth compared to changes in 

skeletal development (Wood et al. 2018). Steady increases in bone parameters of 

mice are seen until 6 months of age, therefore if the intervention period was extended, 

then changes in bone may have become apparent (Eckstein et al. 2004). Sexually 

dimorphic patterns in pulsatility in GH secretion also commence at approximately 

postnatal day 20 (Davey et al. 1999). Due to animal house staffing and ethical 

constraints, the current study was limited to twice daily GH dosing and once at the 

weekend. This may not mimic normal male mice GH secretion sufficiently to promote 

growth. In addition, studies of GH transgenic mice have also shown that bone 

responds to GH excess in a gender-specific manner. For example, total body (weight-

adjusted) BMC was increased by 25% in female transgenic mice compared to only 

10% in males (Eckstein et al. 2004) and effects were marked pubertally. This 

difference is likely to be a result of the interaction between oestrogens, androgens 

and GH.  

 

Studies suggest that the long-term growth promoting effects of IGF-1 and GH are 

related to changes in regulation of IGFBPs but the relationship between IGF-1 

concentration and growth rate remains poorly understood. The ALS is thought to be 

primarily under GH control whilst circulating IGFBP3 levels are probably related to 

IGF-1 concentrations (Fielder et al. 1996). It was not possible within the time and 
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financial constraints of this study to tease out the differential effects of local and 

systemic GH and IGF-1 action and GC may further affect GH and IGF-1 bioavailability. 

Further work to determine the contribution of local and systemic influences would aid 

mechanistic understanding. For example it would be useful to measure serum levels 

of IGF-1 as well as IGFBP3 in addition to quantifying levels of IGF-1 and GH within 

the GP.  

 

After review of the literature (as discussed in Section 6.1), it was felt that the 

combination of exogenous GH and IGF-1 would be more likely to be effective than 

giving either agent alone. Furthermore previous studies from the Farquharson group 

had not demonstrated an effect of exogenous GH on growth in male mice (Dobie et 

al. 2015).  Given the time and financial constraints on the project it was decided 

to initially trial the agents in combination. If they did not show an effect then it would 

not have been ethically appropriate to test them individually. Given that the 

combination therapy was able to rescue the longitudinal bone growth caused by GC, 

but not the cortical bone defect, it is unlikely that the agents acting alone could induce 

an effect of the same magnitude. If the combination therapy had shown a marked 

improvement, then the logical next step would have been to try the agents 

individually.  

 

In conclusion, this study has partly fulfilled the hypothesis of Chapter 6, as rhGH and 

rhIGF-1 given in combination for 4 weeks is able to rescue the growth retardation in 

mdx mice, but not the GC-induced skeletal impairment.  
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7 General discussion and future work 
Duchenne muscular dystrophy is a severe and ultimately fatal X-linked recessive 

disease. Although progression of DMD can be slowed with the administration of GC, 

therapy is often associated with growth retardation and skeletal fragility (Biggar et al. 

2006, Joseph et al. 2019). However, it is also clear that growth impairment and 

fractures are also prevalent in steroid-naïve boys with DMD (Rapaport et al. 1991, 

Larson et al. 2000, Matsumoto et al. 2017) suggesting that there may be an intrinsic 

abnormality of growth and skeletal development in DMD (Eiholzer et al. 1988, Larson 

et al. 2000). Another study combining both in-vivo and clinical data has also 

suggested that there may be an abnormality of osteoblast function (Rufo et al. 2011). 

To improve understanding of the underlying defect in growth and skeletal 

development in DMD, there is a critical need for an animal model that closely mimics 

the clinical features of DMD.  

 

The original and most frequently used animal model of DMD is the mdx mouse, but it 

has significant limitations as its phenotype is much less severe than DMD and it 

appears to show an increase in muscle strength with age and growth. As described 

in Chapter 1, there are conflicting data regarding the bone and growth phenotype of 

the mdx and mdx:utr mice and the skeletal development of the newer mdx:cmah 

mouse has not been previously characterised. The aim of the first part of this project 

was therefore to characterise the muscle, growth and bone phenotype of these 

muscular dystrophy mouse models with the aim of determining whether there is an 

intrinsic abnormality of skeletal development, and also to determine which model 

would be the most appropriate to carry forward to the later phases of the project. 

 

As expected, the results presented in Chapter 3 confirmed that all three of the 

muscular dystrophy mouse models under investigation show a marked muscle 

phenotype. As well as clear differences seen in the percentage of inflammatory cells 

seen on TA muscle histology between the muscular dystrophy models and WT mice, 

serum CK levels, a marker of muscle cell catabolism, were 10-fold higher in the 

muscular dystrophy models at all time points. In addition there were also age-

dependent differences. These were probably a result of the muscle regeneration that 

was demonstrated histologically to occur to a greater extent in the mdx and mdx:utr 
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models than in the mdx:cmah mice, and is consistent with the literature (Turk et al. 

2005). No evidence of growth retardation was seen in any of the muscular dystrophy 

mouse models and in fact the mdx:cmah displayed an increase in growth velocity 

consistent with catch-up growth. Additional evidence for catch-up growth in the 

mdx:cmah mouse was found in the transcriptomic results from the osteogenesis PCR 

array panel, which showed upregulation of several growth factors, including Igf-1 and 

Vegfa gene expression. This pattern of increased growth during childhood does not 

mimic the typical DMD growth trajectory and therefore makes the mdx:cmah an 

unsuitable model to take forward for the interventional studies in this project (Eiholzer 

et al. 1988, West et al. 2013). However, further studies using the mdx:cmah model 

may shed light on the phenomenon of catch-up growth and have further implications 

for understanding the putative role of cmah in other diseases..   

 

Results from Chapter 4 of this project showed that there was also no consistent 

evidence of an intrinsic defect in skeletal development which refuted the hypothesis 

that bone development was impaired in all the DMD models. In fact the mdx:cmah 

mouse showed increased bone turnover with a resultant increase in TMD and cortical 

bone fraction. This is consistent with the catch up growth and increase in longitudinal 

growth rate that was seen in Chapter 3 and underscored the need for a suitable GC 

regimen to induce both growth retardation and osteoporosis prior to testing anabolic 

agents.   

 

The aim of the second part of the project was therefore to identify a suitable GC 

regimen which would induce both growth retardation and osteoporosis in juvenile mdx 

and mdx:cmah mice and their wildtype C57BL10 controls. Chapter 5 confirmed that 

mice on a C57BL10 background were resistant to GC challenge. After trialling several 

regimens with escalating GC doses, prednisolone given for 4 weeks at a dose of 

20mg/kg/day by oral gavage was shown to improve grip strength and reduce 

cumulative muscle damage whilst replicating the adverse effects of short stature and 

osteoporosis that are common side-effects in GC-treated patients with DMD. 

Prednisolone given by oral gavage at a dose of 20mg/kg/day caused a reduction in 

longitudinal bone growth and cortical bone development with an associated reduction 

in both bone resorption and bone formation when assessed by serum bone turnover 

markers. Despite the high doses, however, this regimen was not able to induce a 
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reduction in trabecular bone and in fact trabecular number and connectivity were 

increased and trabecular separation decreased in both the WT and mdx mice after 4 

weeks of GC therapy. The potential reasons for this have been discussed in Chapter 

5 and the results are in keeping with other similar studies of GC-treated mdx mice 

(Yoon et al. 2016, 2018, 2019). This highlights the challenge of finding an appropriate 

pre-clinical model that is able to simultaneously induce both GIO and growth 

retardation. In addition, mice usually respond to GC by losing weight, whereas long-

term high dose GC in boys usually cause changes in body composition and an 

increase in adiposity and body mass index which lead to changes in bone loading that 

cannot be similarly replicated in mice (Weber et al. 2018). Whilst pre-clinical models 

can provide a very useful means to test new agents and underlying mechanisms, it is 

important to recognise the translation limitations of this mouse model when 

investigating the efficacy of exogeneous GH and IGF-1 in the later phase of this 

project.  

 

In addition to finding a tolerable GC regimen that was able to induce skeletal changes, 

the role of VBP-6 as a GC-sparing agent was also evaluated. Data from this study 

confirm that VBP-6 was able to improve muscle strength and reduce cumulative 

muscle damage in mdx and mdx:cmah mice, without causing detectable skeletal side-

effects. An analogue of VBP-6 (VBP-15 or vamorolone) is currently being investigated 

in a phase 2 clinical trial, and in keeping with the data reported here, early results 

have suggested an improvement in bone safety with vamorolone compared to 

traditional GC (Conklin et al. 2018). If vamorolone continues to cause stabilisation of 

muscle strength in combination with an acceptable safety profile in the current phase 

2b studies, then it could potentially offer a life-changing alternative to the current GC 

regimens that are used in DMD.  

 

However, until a GC-sparing agent, such as vamorolone, is shown to be as effective 

as the traditional GCs in DMD, then the long-term use of prednisolone or deflazacort  

will remain part of the Standards of Care and bring with them the adverse effects on 

the skeleton. The final interventional study in this project was designed to evaluate 

the effect of exogenous GH and IGF-1 on bone and growth, when given in 

combination to GC-treated juvenile mdx mice. This study showed that a combination 

of exogenous GH and IGF-1, when given concomitantly with 4 weeks of prednisolone, 
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was able to rescue the growth defect but did not improve the GC- induced cortical 

bone defects.  

 

7.1 Areas for future research 
The assessment of BMAT in Chapter 4 provided some very interesting and 

unexpected findings. Analysis of BMAT by µCT showed a significant increase in 

rBMAT in both the mdx and mdx:cmah mice but a marked decrease in cBMAT. The 

causes and consequences of this alteration in BMAT in the muscular dystrophy 

mouse models, as well as its clinical relevance, warrant further investigation. It would 

be interesting to look at the marrow compartment in patients with DMD and see if 

there are similar differences. Altered BMAT may also have a useful prognostic role in 

DMD and future studies should explore these possibilities. 

 

The results in Chapter 6 suggested that a combination of rhGH and rhIGF-1 at the 

doses used were able to rescue the growth retardation caused by GC, but not the 

cortical bone defect. It remains unclear whether an increased dose or length of study 

may have unmasked anabolic effects to the skeleton. Future studies could be carried 

out with incremental regimens of GH and IGF-1 and the duration could also be 

increased. It is also possible that individual use of the agents may have produced 

similar results but given the time and financial constraints of this project it was not 

possible to investigate this further. However, there are always inherent limitations 

regarding the generalisability of pre-clinical work with mouse models. Given that 

rhIGF-1 and rhGH are available clinically, under specific conditions, for the treatment 

of short stature in children, it may now be appropriate to consider designing a small 

pilot clinical study to evaluate the safety and tolerability of combination GH and IGF-

1 therapy in a small group of patients with DMD.  

 

The introduction to this project highlighted the importance of identifying a suitable 

anabolic agent to treat the GIO and GC-induced growth retardation in DMD. There 

are other compounds that could be tested in the GC-treated mdx mouse model, which 

may be effective in addition to exogenous GH and IGF-1. These include compounds 

such as sclerostin antibody therapies, which reverse the Wnt pathway antagonism 

effects of sclerostin (McClung 2017) or selective oestrogen receptor modulators 

(Gennari et al. 2007). Tamoxifen has already been shown to improve the muscle 
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pathology in the mdx but the effects on the skeleton have not been determined 

(Dorchies et al. 2013).  

 

In summary, for as long as GC remain part of the Standards of Care, finding an 

appropriate anabolic agent for the treatment of GIO and GC-induced growth 

retardation will remain a clinical priority in the management of DMD. 
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9 Appendices 
Appendix I- Primer sequences 
 

Utrophin primer sequences 
Primer number 

(from Jax.org) 

Primer type Sequence 5' --> 3' 

10791 Mutant forward CGC TTC CTC GTG CTT TAC GGT AT 

12402 Common AAG ATT TGC AGA CCG GAA GA 

14702 Wildtype forward TGT CAT TCT CTG AGG CCT TTC 

 

 

cmah primer sequences (kindly supplied by Professor Straub) 
Primer name Primer sequences  Predicted band size 

Common forward 5’ TCC CAG ACC AGG AGG AGT TA  

Wild type reverse 5’ CTT CCA GTT GTG CTT TGT GC 297 bp (wild type) 

Mutant reverse 5’ GTC AGG AAA CAG CAC CAA CA ~400 bp (cmah) 
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Appendix II- SOP for grip strength meter 
1. Assemble the meter by fixing electronics onto main stand with counter weight 

at back 

2. Screw prehension adaptor to instrument 

3. Insert the grid and secure with side screw 

4. Plug power supply adapter on meter and mains 

5. Turn machine on 

6. Press zero and ensure the VLI reading is +/-0.4g or less. If not, briefly press 

zero again. 

7. Hold mouse by the tail above the grid 

8. Move mouse down until its front legs grab the grid in approximately the middle 

9. While animal is grasping, lower it to almost horizontal position 

10. Smoothly pull animal in axis of sensor until grip is released (needs to be held 

for approx. 3 s) 

11. Maximum force developed is large number on screen (should measure in 

grams) 

 

Good practice points (According to TREAT-NMD SOP) 
• Repeat on each mouse up to 5 times, approximately 1 minute apart 

• Use best reading or a mean of values 

• Measurements must be discarded if the animal uses only one paw or also 

uses its hind paws, turns backwards during the pull, or leaves the bar without 

resistance 

• Need to measure bodyweight in parallel so that strength/BW can be calculated 

• Perform the test blinded and using same operator each time if possible 

 

Expected values 
• Usually wild type and mdx mice have fore limb strength values that are about 

five to seven times their body weight 

• Values for absolute strength generally range from 0.09 to 0.120 kg at 4-5 

weeks of age and may reach 0.150 to 0.200 kg at 12-15 weeks. The increment 

in normalized strength values is usually 0.95 to 1.5 after 4 weeks.
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Appendix III- Protocols 

 
Protocol for haematoxylin and eosin staining 
Slides were prepared for histology according to the following protocol: 

• Dewax paraffin sections – incubate slides at 60oC for 20minutes.  

• Dewax sections – Xylene wash for 3 minutes (repeat x3). 

• Rehydrate sections – 100% ethanol for 3 minutes (repeat x2).  

• Rehydrate sections – 70% ethanol for 3 minutes.  

• Rinse – double distilled water for 1-3 minutes.  

• Stain - Haematoxylin for 30 seconds.  

• Stain - Remove excess stain in tap water (until nuclei turn blue).  

• Stain - 70% ethanol for 3 minutes.  

• Stain - Eosin for 15 seconds (omit this step for haematoxylin only staining).  

• Dehydrate – 100% ethanol for 3 minutes (repeat x3).  

• Clear – Xylene wash for 3 minutes (repeat x3).  

• Mount - DPX mountant and coverslip. 

 

Protocol for toluidine blue staining 
• Place in a 0.04% Toluidine blue solution for 10 minutes.  

• Rinse gently with 3 changes of deionized water (for 30s each)  

• Counterstain with 0.02% Fast Green solution for 3 minutes 

• Rinse gently with 2 changes of deionized water for 30 seconds each  

• Dehydrate briefly in 3 changes of 95% ethanol and 2 changes of 100% ethanol 

for 30 seconds each.  

• Clear in 3 changes of xylene 

• Cover-slip and allow to dry 

 

Protocol for Goldner’s Trichrome Staining 
• Prepare solutions:  

Solution 1 – Wiegert’s haematoxylin 
1. Mix equal parts Solutions A and B immediately before staining. Mix well. 

Solution 2 – Ponceau de Xylidine-acid fuchsin stock 
1. Add 2ml glacial acetic acid to 98 ml dH2O 
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2. Dissolve 1.5g Ponceau de Xylidine and 0.5g acid fuchsin 

Solution 3 – Azophloxine stock 
1. Add 0.6ml glacial acetic acid to 99.4ml dH2O 
2. Dissolve 0.5g azophloxine 

Solution 4 – Red solution 
1. Make up 80ml 0.2% acetic acid 
2. Add 12ml Solution 2 and 8ml Solution 3 

Solution 5 – Orange solution 
1. Dissolve 3g phosphomolybdic acid and 2g Orange G in 500ml dH2O 

Solution 6 – Green solution 
1. Add 1ml glacial acetic acid to 499ml dH2O 
2. Dissolve 1g light green 

 
• Dewax to water  

• Stain in Solution 1 for 10min 

• Differentiate in 1% acid alcohol for 15s 

• Wash well under agitation for 10min 

• Stain in Red solution (Solution 4) for 5min 

• Rinse in 1% acetic acid 

• Stain in Orange solution (Solution 5) for 10min 

• Rinse in 1% acetic acid 

• Stain in Green solution (Solution 6) for 5 min 

• Rinse in dH2O 

• Blot dry 

• Quick mount  
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Appendix IV- Genes in Qiagen osteogenesis gene array (ECM: extra 
cellular matrix) 
 

Symbol Description Classification 
Acvr1 Activin A receptor, type 1 Osteoblast differentiation, Ossification, Bone 

mineralisation 
Ahsg Alpha-2-HS-glycoprotein Ossification, Bone mineralisation, ECM 

protease inhibitor 
Alpl Alkaline phosphatase, 

liver/bone/kidney 
Skeletal development, ECM 

Anxa5 Annexin A5 Ca ion regulation 
Bglap Bone gamma carboxyglutamate 

protein 
Ossification, Osteoclast differentiation, 
Osteoblast differentiation, Bone 
mineralisation, Ca ion regulation, Cell 
adhesion 

Bgn Biglycan ECM 
Bmp1 Bone morphogenetic protein 1 Cartilage condensation, Ossification, Cell-

cell adhesion 
Bmp2 Bone morphogenetic protein 2 Ossification, Osteoblast differentiation, Bone 

mineralisation 
Bmp3 Bone morphogenetic protein 3 Ossification 
Bmp4 Bone morphogenetic protein 4 Ossification, Osteoblast differentiation, Bone 

mineralisation 
Bmp5 Bone morphogenetic protein 5 Ossification 
Bmp6 Bone morphogenetic protein 6 Ossification, Osteoblast differentiation, Bone 

mineralisation 
Bmp7 Bone morphogenetic protein 7 Ossification, Osteoblast differentiation, Bone 

mineralisation 
Bmpr1a Bone morphogenetic protein 

receptor, type 1A 
Ossification, Osteoblast differentiation, Bone 
mineralisation, Cell-cell adhesion 

Bmpr1b Bone morphogenetic protein 
receptor, type 1B 

Cartilage condensation, Ossification, 
Osteoblast differentiation, Bone 
mineralisation 

Bmpr2 Bone morphogenic protein 
receptor, type II (serine/threonine 
kinase) 

Ossification, Osteoblast differentiation, Bone 
mineralisation 

Cd36 CD36 antigen ECM adhesion 
Cdh11 Cadherin 11 Ossification, Ca ion regulation, Cell-cell 

adhesion 
Chrd Chordin Ossification, Osteoblast differentiation 
Col10a1 Collagen, type X, alpha 1 Ossification, ECM  
Col14a1 Collagen, type XIV, alpha 1 Osteoblast differentiation, ECM, Cell-cell 

adhesion 
Col1a1 Collagen, type I, alpha 1 ECM 
Col1a2 Collagen, type I, alpha 2 ECM 
Col2a1 Collagen, type II, alpha 1 Cartilage condensation, Ossification, ECM, 

Cell-cell adhesion 
Col3a1 Collagen, type III, alpha 1 ECM, ECM adhesion 
Col4a1 Collagen, type IV, alpha 1 ECM 
Col5a1 Collagen, type V, alpha 1 ECM, Cell adhesion 
Comp Cartilage oligomeric matrix 

protein 
Skeletal development, Ca ion reg, Cell 
adhesion 

Csf1 Colony stimulating factor 1 
(macrophage) 

Ossification, Osteoclast differentiation, 
ECM adhesion 
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Csf2 Colony stimulating factor 2 
(granulocyte-macrophage) 

Growth factors 

Csf3 Colony stimulating factor 3 
(granulocyte) 

Growth factors 

Ctsk Cathepsin K Ossification, ECM proteases 
Dlx5 Distal-less homeobox 5 Ossification, Osteoblast differentiation 
Egf Epidermal growth factor Ca ion reg, Growth factors 
Fgf1 Fibroblast growth factor 1 Growth factors 
Fgf2 Fibroblast growth factor 2 Ossification, Osteoblast differentiation, Ca 

ion reg, Growth factors 
Fgfr1 Fibroblast growth factor receptor 

1 
Skeletal development 

Fgfr2 Fibroblast growth factor receptor 
2 

Ossification, Bone mineralisation 

Flt1 FMS-like tyrosine kinase 1 ECM 
Fn1 Fibronectin 1 Cell adhesion 
Gdf10 Growth differentiation factor 10 Ossification, Osteoblast differentiation, 

Growth factors 
Gli1 GLI-Kruppel family member 

GLI1 
Ossification, Osteoblast differentiation, 
Transcription factors 

Icam1 Intercellular adhesion molecule 
1 

Cell-cell adhesion,  

Igf1 Insulin-like growth factor 1 Ossification, Osteoblast differentiation, Bone 
mineralisation, Growth factors 

Igf1r Insulin-like growth factor I 
receptor 

Ossification 

Ihh Indian hedgehog Ossification, Osteoblast differentiation, Cell-
cell adhesion 



Chapter 9 Appendices 

 264 

Appendix V Trabecular µCT data adjusted for length 
 

 

 

 

 

 

 

 

 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Mouse type Unadjusted  at 3 weeks Adjusted for length 
Tissue volume, in mm3 (SD) 
WT 1.48 (0.27) 1.42 (0.30) 

mdx 1.24 (0.09) 1.17 (0.11) 
mdx:utr 1.17 (0.09) 1.13 (0.59) 

mdx:cmah 1.03 (0.22) *** 0.99 (0.22) *** 

Bone volume, in mm3 (SD) 
WT 0.11 (0.03) 0.10 (0.03)  

mdx 0.08 (0.02) 0.07 (0.02)  
mdx:utr 0.08 (0.01) 0.08 (0.01)  

mdx:cmah 0.08 (0.02) 0.08 (0.02)  

BV/TV % (SD) 
WT 6.78 (0.79) 6.90 (0.78) 
mdx 6.55 (1.17) 6.29 (1.03) 

mdx:utr 6.82 (1.10) 6.95 (1.09) 

mdx:cmah 8.30 (1.15) 8.37 (1.28) 

Trabecular thickness, in mm (SD) 
WT 0.03 (0.003) 0.03 (0.003) 

mdx 0.03 (0.002) 0.03 (0.002) 

mdx:utr 0.03 (0.002) 0.03 (0.002) 
mdx:cmah 0.03 (0.001) 0.03 (0.002) 

Trabecular separation, in mm (SD) 
WT 0.30 (0.05) 0.30 (0.04) 
mdx 0.37 (0.07) 0.38 (0.06) 

mdx:utr 0.36 (0.03) 0.36 (0.03) 

mdx: cmah 0.29 (0.46) 0.28 (0.05) 

Trabecular number, in 1/mm (SD) 
WT 2.04 (0.15) 2.08 (0.19) 

mdx 2.08 (0.42) 1.98 (0.35) 

mdx:utr 2.06 (0.38) 2.11 (0.38) 
mdx:cmah 2.66 (0.45) * 2.70 (0.48)* 

Structural Model Index (SD) 
WT 2.32 (0.08) 2.32 (0.08) 

mdx 2.20 (0.10) 2.21 (0.09) 

mdx:utr 2.15 (0.10) * 2.15 (0.10)* 

mdx:cmah 2.19 (0.09) 2.18 (0.09) 

Connectivity (SD) 
WT 618.9 (121.4) 595.4 (114.0) 
mdx 516.5 (147.2) 465.2 (157.5) 

mdx:utr 429.6 (108.8) 421.8 (99.4) 

mdx:cmah 561.8 (72.5) 551.5 (68.0) 
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Cortical µCT data adjusted for length 
Mouse type Unadjusted values (3 wks)  Adjusted for tibial length   

 
Cortical tissue area, mm2 (SD) 
WT 0.62 (0.09)                 0.62 (0.09)                 
mdx 0.56 (0.05)         0.56 (0.05)         

mdx:utr 0.54 (0.06)              0.54 (0.06)              

mdx:cmah 0.54 (0.07)  0.54 (0.07)  

Periosteal perimeter, in mm (SD) 
WT 3.01 (0.22)                    3.01 (0.22)                    

mdx 2.85 (0.13)                    2.83 (0.14)                    

mdx:utr 2.81 (0.18)                    2.82 (0.18)                    
mdx:cmah 2.78 (0.20) 2.79 (0.20) 

Cortical bone area, mm2 (SD) 
WT 0.29 (0.07)                    0.30 (0.07)                    
mdx 0.25 (0.03)                    0.25 (0.03)                    

mdx:utr 0.25 (0.03)                  0.25 (0.03)                  

mdx:cmah 0.22 (0.03) * 0.22 (0.03) * 

Endosteal perimeter, in mm (SD) 
WT 2.20 (0.11)                    2.21 (0.10)                    

mdx 2.19 (0.11)                    2.17 (0.12)                    

mdx:utr 2.08 (0.09)                    2.09 (0.09)                    
mdx:cmah 2.15 (0.19) 2.15 (0.19) 

Cortical tissue volume, in mm3 (SD) 
WT 0.45 (0.20)                  0.44 (0.20)                  

mdx 0.34 (0.16)                  0.32 (0.14)                  
mdx:utr 0.45 (0.14)                  0.43 (0.13)                  

mdx:cmah 0.48 (0.06) 0.46 (0.06) 

Cortical bone volume, in mm3 (SD) 
WT 0.22 (0.11)                  0.21 (0.11)                  

mdx 0.15 (0.07)                  0.14 (0.06)                  

mdx:utr 0.20 (0.06)                  0.19 (0.06)                  

mdx:cmah 0.20 (0.03) 0.19 (0.03) 

Cortical bone fraction (%) (SD) 
WT 46.62 (4.55)                    46.58 (4.56)                    

mdx 44.56 (3.30)                  44.57 (3.34)                  
mdx:utr 45.76 (1.02)               45.71 (1.04)                    

mdx:cmah 41.46 (4.50)  41.36 (4.52)  

Cortical thickness, in mm (SD) 
WT 0.50 (0.08)                  0.49 (0.10)                  
mdx 0.46 (0.08)                  0.45 (0.09)                  



Chapter 9 Appendices 

 266 

mdx:utr 0.48 (0.07)                  0.48 (0.08)                  

mdx:cmah 0.54 (0.04) 0.54 (0.04) 

Mean polar moment of inertia (SD) 
WT 0.05 (0.02) 0.05 (0.02) 
mdx 0.04 (0.01)               0.03 (0.01)               

mdx:utr 0.03 (0.01)           0.03 (0.01)           

mdx:cmah 0.03 (0.01) 0.03 (0.01) 

Mean eccentricity (SD) 
WT 0.57 (0.10)                    0.56 (0.11)                    

mdx 0.47 (0.11)                    0.43 (0.11)                    

mdx:utr 0.61 (0.10)                    0.60 (0.09)                    
mdx:cmah 0.58 (0.10) 0.57 (0.09) 
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Appendix VI Publications 
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Abstract

Glucocorticoids (GCs) are effective for the treatment of many chronic conditions, 

but their use is associated with frequent and wide-ranging adverse effects including 

osteoporosis and growth retardation. The mechanisms that underlie the undesirable 

effects of GCs on skeletal development are unclear, and there is no proven effective 

treatment to combat them. An in vivo model that investigates the development 

and progression of GC-induced changes in bone is, therefore, important and a well-

characterized pre-clinical model is vital for the evaluation of new interventions. 

Currently, there is no established animal model to investigate GC effects on skeletal 

development and there are pros and cons to consider with the different protocols used 

to induce osteoporosis and growth retardation. This review will summarize the literature 

and highlight the models and techniques employed in experimental studies to date.

Introduction and background

It is estimated that, at any one time, over 250,000 
people are exposed to systemic glucocorticoids (GCs); 
approximately 10% of children will require GCs at some 
stage during their childhood (Mushtaq & Ahmed 2002) 
and 5% of the population aged 80  years or over have 
used GCs in the past (Kanis et al. 2004). Long-term GCs 
are effective in many conditions, such as inflammatory 
bowel disease (Pappa et al. 2011), chronic renal disorders 
(Olgaard et  al. 1992), lung conditions, haematological 
malignancies (El-Hajj Fuleihan et al. 2012) and connective 
tissue disease, and in some, such as Duchenne muscular 
dystrophy (DMD) (Matthews et  al. 2016), they are the 
mainstay of long-term treatment. Unfortunately, GCs 
are associated with frequent and wide-ranging side 
effects, many of which are dose related and associated 

with considerable morbidity. Of these, two of the 
potentially most serious and challenging to manage are 
glucocorticoid-induced osteoporosis (GIO) and growth 
retardation. Osteoporosis is characterized by a reduction 
in bone mass and loss of bone microarchitecture, leading 
to impaired bone strength and increased fracture risk 
(Reinwald & Burr 2008). GIO is the most prevalent type 
of secondary osteoporosis and accounts for about 25% of 
cases (Eastell et al. 1998). It is associated with considerable 
morbidity and mortality; a reduction in bone mineral 
density (BMD) of up to 40% can occur with GC therapy, 
and it is estimated that up to half of those on long-term 
GC therapy will experience fractures (Reid 1997). In those 
with DMD, 75% are predicted to have a vertebral fracture 
after 8 years of GC therapy (Bothwell et al. 2003), and this 
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event is often followed by loss of ambulation (McDonald 
et al. 2002). The General Practice Research Database has 
shown that daily prednisolone doses of as little as 2.5 mg 
can cause an increased risk of fracture (Van Staa et  al. 
2000). A recent meta-analysis also showed that there is 
only weak evidence for the use of common osteoporosis 
drugs in the prevention of fractures (Amiche et al. 2016), 
suggesting that there is great need for pre-clinical work to 
inform the development of new therapies.

As healthy children have high rates of bone growth, 
their skeleton is particularly vulnerable to the adverse 
effects of GCs on bone formation. GC-induced growth 
retardation was first described 60  years ago after an 
equivalent cortisone dose of only 1.5 mg/kg/day (Blodgett 
et al. 1956) and can be considerable; by 15 years of age, 
boys with DMD who are treated with deflazacort are 21 cm 
shorter on average than untreated boys (Biggar et al. 2006). 
GC-induced growth retardation can also occur following 
GC exposure by several alternative routes including 
inhaled GC in asthma (Allen et  al. 1994) and intra-
articular GC injections in juvenile arthritis (Umlawska & 
Prusek-Dudkiewicz 2010). GC-induced growth retardation 
is dose dependent and alternate-day or weekend dosing is 
associated with less growth retardation (Escolar et al. 2011, 
Ricotti et al. 2013). In children, although compensatory 
catch-up growth may occur after cessation of GC therapy 
(Crofton et al. 1998), prolonged exposure may reduce the 
potential for catch-up (Simon et al. 2002).

Skeletal development

The foetal skeleton develops in two distinct ways; 
intramembranous ossification occurs within flat 
bones including the skull and facial bones, whereas 
endochondral ossification accounts for the linear 
development of the long bones such as the femur and 
tibia. Appositional growth also occurs, whereby bone 
lining the medullary cavity is reabsorbed and new 
bone tissue is laid down beneath the periosteum, thus 
increasing bone diameter. This can still occur even after 
longitudinal growth ceases. In this review, we shall 
focus on endochondral ossification, which is driven by 
the actions of the chondrocytes within the epiphyseal 
growth plate and is the process responsible for bone 
formation and longitudinal growth of the majority of the 
skeleton. During the initial, patterning phase of skeletal 
development, mesenchymal cells condense into tissue 
elements at specific sites that form the structure of future 
bones (Karsenty & Wagner 2002). By 5-week gestation in 

humans, these pre-cartilaginous anlagen reflect the shape, 
size, position and number of skeletal elements that will be 
present in the mature skeleton (Javaid & Cooper 2002). 
Following this, differentiation to either chondrocytes 
or osteoblasts occurs within the condensations. 
Chondrocytes within each element organize into growth 
plates and move through their associated orderly pattern 
of resting, proliferative and hypertrophic phases (Mackie 
et  al. 2011). Once they reach the hypertrophic phase, 
chondrocytes promote invasion of blood vessels and the 
production of an extracellular matrix (ECM) that is rich in 
type II collagen, aggrecan, cytokines and vascular growth 
factors, which facilitates vascular invasion and gradual 
mineralization of the ECM surrounding the hypertrophic 
chondrocyte. The cartilaginous ECM is gradually replaced 
by a bony ECM (rich in type I collagen), when apoptosis 
of the hypertrophic chondrocytes occurs and osteoblasts 
invade the cartilaginous scaffold. As osteoblasts lay 
down new bone, to form the periosteum, the primary 
ossification centre expands towards the ends of the 
cartilage model. In long bones, a secondary ossification 
centre subsequently forms at each end of the bone, 
leaving a cartilaginous growth plate in between the two 
ossification centres. Growth is orchestrated at the growth 
plates but at puberty, bony bridges form between the 
ossification centres, resulting in the cessation of growth 
due to the fusion of the growth plate and its replacement 
by bone. After birth, a continuing cycle of modelling (or 
remodelling in adults when it occurs without a change in 
bone shape) occurs, and there is a fine balance between 
bone formation and bone resorption to ensure that bone 
can sense and adapt to alterations in functional, metabolic 
and mechanical demands.

GCs and their mechanisms

GC-induced osteoporosis

The aetiology of GC-induced osteoporosis is complex 
and a detailed review of the underlying mechanisms as 
recently reported (Henneicke et  al. 2014) is beyond the 
scope of the current review. Instead, we will summarise 
the key mechanisms and the differing effects of GCs in 
osteoblasts, osteoclasts and osteocytes. There are two 
distinct phases of GC-induced bone loss, resulting from the 
suppressive effects of GCs on both osteoblastogenesis and 
osteoclastogenesis. The initial acute period of increased 
bone resorption is followed by a more indolent phase 
of bone loss caused by a reduction in bone formation 
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(Canalis et  al. 2004). Indirect effects of GCs on the 
skeleton such as decreased calcium absorption, increased 
renal calcium clearance, reduced growth hormone (GH) 
secretion and suppression of sex steroid metabolism were 
previously thought to play a fundamental role, but the 
main mechanisms underlying GIO are now known to 
result from the direct effect of GCs on the resident bone 
cells, see Fig. 1.

Glucocorticoids and mineralocorticoids act through 
corticosteroid receptors – the mineralocorticoid receptor 
(MR) and the glucocorticoid receptor (GR). These 
receptors have often been referred to as Type 1 and 
Type 2 corticosteroid receptors, respectively (Eberwine 
1999, Stewart 2007). The GR is expressed in many bone 
cells, including osteoblasts, osteoclasts and osteocytes 
(Bouvard et al. 2009) and also in chondrocytes within the 
growth plate. Once GCs bind to the GR in the cytoplasm, 
the GR translocates to the nucleus, where it acts as a 
transcription factor and modifies gene expression, via the 
GC-response element, either by causing transactivation 
or transrepression. Transactivation accounts for most of 
the GC-associated adverse effects and in vitro and murine 
studies demonstrate that selective GR modulators can 
alter the extent of these adverse effects (Owen et al. 2007, 
Thiele et  al. 2012). However, studies using transgenic 
mice with a GR gene mutation that prevents dimerization 

and therefore transactivation still have reduced bone 
formation. This suggests that transrepression is probably 
also at least partly responsible (Rauch et  al. 2010). 
Polymorphism of the GR gene is associated with varying 
susceptibility to GCs (Huizenga et al. 1998), which may in 
part explain the heterogeneity in GC-associated fracture 
rates in humans.

MicroRNAs (miRNAs) are endogenous RNAs made up 
of 18–25 nucleotides that interact with messenger RNA to 
change protein expression. Recent work has shown that 
several miRNAs have differential expression in GC-treated 
bone. For example, a reduction in miRNA-29a expression, 
which interacts with Wnt signalling components and 
Dkk-1 during osteoblast differentiation was associated 
with GC-associated bone loss. Gain of miRNA-29a function 
by a miRNA-29a precursor (Wang et al. 2013) attenuated 
the deleterious effects of GC treatment on bone mass, 
microarchitecture and biomechanical strength.

Effects of GC on osteoblasts
The chronic bone loss in GIO predominantly results 
from the ability of GCs to decrease both the number and 
functionality of osteoblasts. Osteoblasts and adipocytes are 
both derived from mesenchymal stem cells. By changing 
the fate of osteoprogenitor cells, GCs effectively reduce 
the pool of cells that can become mature, differentiated 

Bone formation 

Bone resorption 

Mesenchymal stem cell 

Adipocyte 
Osteoblast 

Osteoclast Osteocyte 

GC excess: 

Sex steroid production
↑ Calcium excretion
↓ Calcium absorption
– Secondary hyperparathyroidism

↑ Apoptosis
Altered elastic modulus
↓ Mineralisation
↑ RANKL
↓ OPG

↑ Apoptosis
↓ Differentiation
↓ Synthesis of type 1 collagen 
Suppression of BMP2, OSF-2, IGF-1, TGF-β
Down-regulation of Wnt-β catenin
↑ RANKL
↓ OPG

↑ Life span pre-exisitng osteoclasts
↓ Apoptosis of mature osteoclasts

↑ PPAR γ 2

↓ Runx2

Figure 1
Systemic consequences of exogenous glucocorticoids and effects on different bone cells and adipocytes. BMP2, bone morphogenetic protein 2; IGF-1, 
insulin-like growth factor-1; Legend-RANKL, receptor activator of nuclear factor kappa-B ligand; OPG, osteoprotegrin; OSF-2, osteoblast-specific factor-2; 
TGF-β, transforming growth factor beta.
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osteoblasts and bone marrow stromal cells are instead 
directed along the adipogenesis pathway. This has 
been shown to occur via the transactivation of CCAAT/
enhancer binding protein in murine stromal cells (Pereira 
et  al. 2002), which increases expression of peroxisome 
proliferator-activated receptor gamma 2 (PPARγ2) and 
suppresses the expression of Runx2 (Canalis et al. 2004, 
2007). GCs may, therefore, increase bone marrow 
adipose tissue at the expense of mature osteoblasts and 
cancellous bone (Weinstein & Manolagas 2000). Outside 
of bone, GCs also promote preadipocycte conversion to 
mature adipocytes and thus cause hyperplasia of adipose 
tissue. A 2-fold increase in cancellous adipocyte area in 
GC-treated mice compared to placebo has been reported, 
alongside a significant increase in adipocyte production 
in bone marrow cultures (Weinstein & Manolagas 
2000). The exact mechanism(s) by which the reduction 
in osteoblastogenesis occurs is unclear; however, it is 
known that GCs cause suppression of bone anabolic 
factors such as bone morphogenetic proteins (Pereira 
et  al. 2002), osteoblast-specific factor 2 (OSF-2) and 
insulin-like growth factor 1 (IGF-1) (Jones & Clemmons 
1995) and TGF-β that activates osteoblastic transcription 
factors such as Runx2 and β-catenin. In cultured human 
osteoblasts, exogenous GC administration also results 
in the suppression of the canonical Wnt-β-catenin 
signalling pathway, which prevents osteoblast apoptosis 
and encourages progression through the osteoblast 
cell cycle and thus proliferation (Ohnaka et  al. 2005). 
Furthermore, murine GC exposure has been shown to 
upregulate sclerostin gene expression, which antagonises 
Wnt stimulation of osteoblast differentiation (Yao et al. 
2016). Using a transgenic mouse line, GCs have also 
been shown to suppress interleukin 11 expression, which 
further inhibits osteoblast differentiation (Rauch et  al. 
2010). In addition to inhibiting osteoblast differentiation, 
GCs also prevent bone matrix synthesis by inhibiting 
osteoblast-driven synthesis of type I collagen, which 
forms most of the ECM (Canalis 2005) and osteocalcin. 
GC administration to mice has also been shown to induce 
osteoblast apoptosis and suppress terminal differentiation 
(Weinstein et al. 1998).

Effects of GC on osteoclasts and osteocytes
Osteoclasts are derived from haematopoetic stem cells 
and resorb bone by creating an acidic environment 
and producing collagen-degrading enzymes. GCs 
exert an early direct effect on osteoclasts by increasing 
both their number and activity, with a corresponding 
increase in bone resorption, seen after only 7  days 

of GC treatment in mice (Jia et  al. 2006). This overall 
increase in osteoclast number occurs despite a reduction 
in osteoclast production in the bone marrow, suggesting 
that GC treatment increases the lifespan of pre-
existing osteoclasts. However, the longer term role of 
the osteoclast in glucocorticoid-induced osteoporosis 
remains controversial; despite an initial increase in 
bone resorption, prolonged GC excess appears to 
suppress osteoclast number and function. For example, 
after 4 weeks of prednisolone treatment in mice, bone 
resorption fell to or below normal levels (Weinstein 
et  al. 1998). GCs also directly block the induction of 
cytoskeletal changes in the osteoclast required for the 
resorptive capabilities of the cell (Kim et al. 2007). There 
is also evidence that GCs suppress the proliferation of 
osteoclast precursors (Kim et  al. 2006) However, GC 
also cause an increase in receptor activator of nuclear 
factor kappa beta ligand (RANKL) (Hofbauer et  al. 
2009), which is produced by both osteoblasts and 
osteocytes (Nakashima et  al. 2011, Xiong et  al. 2011) 
and downregulation of osteoprotegrin (OPG), which is a 
decoy receptor for RANKL. This skews the ratio of RANKL: 
OPG towards osteoclastogenesis. Overall, the long-term 
effect of exogenous GCs on osteoclastogenesis still 
requires clarification, but it appears that the osteoblast is 
the main target of exogenous GCs.

Osteocytes are terminally differentiated osteoblasts 
that play an important role in the repair of bone micro-
damage. GCs alter the osteocyte-canalicular network by 
changing the elastic modulus surrounding the lacunae of 
osteocytes and cause reduced mineralisation (Lane et al. 
2006). Autophagy may be responsible for these observed 
localised osteocyte perilacunar changes, occurring as a 
self-protection mechanism during GC treatment (Xia et al. 
2010). High-dose GC therapy in several animal and 
human models has also been shown to induce osteocyte 
apoptosis (Zalavras et al. 2003).

GC-induced growth retardation

The growth-suppressing effects of GCs are multifactorial 
and result from both systemic and local actions on all types 
of bone cell. The GH/IGF-1 axis is the main determinant 
of postnatal longitudinal growth, and GH and IGF-1 
have interdependent roles in growth regulation. The rate 
of longitudinal bone growth is principally controlled 
through the regulation of chondrocyte proliferation, 
differentiation and hypertrophy at the growth plate (Wong 
et  al. 2016). GH promotes chondrocyte differentiation, 
the secretion of IGF-1 by liver cells and the amplification 
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of local IGF-1 synthesis by chondrocytes, which induces 
clonal expansion of chondrocyte columns within the 
growth plate (Zezulak & Green 1986).

GCs also affect the expression of various components 
of the GH/IGF-1 axis (Price et  al. 1992, Jux et  al. 1998, 
Klaus et  al. 2000, Smink et  al. 2002). Seven days of 
dexamethasone treatment in prepubertal mice reduced 
gene expression of IGF-1 throughout chondrocytes in 
all phases within the growth plate (Smink et  al. 2003a) 
as well as causing a significant increase in the number of 
apoptotic cells within the hypertrophic zone. Different 
mechanisms of GC-induced apoptosis have been 
proposed such as activation of caspase 3 and suppression 
of Bcl-2 (Chrysis et al. 2003, Espina et al. 2008). GCs block 
the activation of GH and IGF-1 receptors in chondrocytes 
as well as reducing IGF-1 and GH receptor expression by 
chondrocytes (Wong et  al. 2016). Glucocorticoids also 
impair IGF-1 signalling, mainly via the phosphoinositide 
3-kinase pathway within the growth plate. Furthermore, 
GCs suppress prostaglandin E2 synthesis (Harada et  al. 
1995) as well as vascular endothelial growth factor 
expression in chondrocytes, thus preventing blood vessel 
invasion of the ossification centre, which is crucial for 
degradation of the ECM and subsequent ossification and 
growth (Smink et  al. 2003a). The intrinsic effect of GC 
on the mouse growth plate was evident when a local 
dexamethasone infusion significantly reduced tibial 
growth compared to the contralateral limb (Baron et al. 
1992). GCs also act systemically to inhibit the pulsatile 
secretion of GH from the anterior pituitary gland by 
increasing somatostatin tone (Mazziotti & Giustina 2013).

Animal models of GIO- and GC-induced 
growth retardation

It is essential to utilise animal models that show similar 
pathology to the human disease process that is under 
scrutiny, in order to effectively carry out pre-clinical studies 
and test novel compounds. GCs may lead to some localized 
changes in bone strength that are similar to other causes 
of osteoporosis, but they also display some unique effects 
which explains why GC exposure is associated with a higher 
risk of fracture at equivalent BMD and hence reinforcing 
the need for an appropriate animal model to specifically 
investigate GIO (Lane 2005, Xia et al. 2010). In addition, 
the search continues to find selective GR agonists that 
possess the anti-inflammatory benefits of traditional GCs 
without the associated adverse effects (Sundahl et al. 2015). 
Suitable pre-clinical models are also vital to this process.

It remains a challenge, however, to find an appropriate 
animal model for pre-clinical studies of skeletal 
development as there is no single animal model that exactly 
mimics the human pathology. Whilst larger animals 
such as primates and dogs may have the most similar 
reproductive, anatomical and physiological characteristics, 
there are ethical issues to consider as well as difficulties 
with their maintenance and costs (Reinwald & Burr 2008). 
Sheep, rabbits, and pigs have also been developed as large 
animal models of GIO in previous studies (Scholz-Ahrens 
et al. 2007, Baofeng et al. 2010, Ding et al. 2010) but these 
too have limitations. The following section will discuss the 
various animal models used to investigate both GIO and 
GC-induced growth retardation.

Animal species used for GC-induced 
osteoporosis models

Different animal species have been used to explore 
the effect of GCs on the development of osteoporosis 
and to search for substances that prevent the observed 
deleterious effects. The inquiry performed on PubMed, 
with ‘osteoporosis’, ‘glucocorticoids’ and ‘animal name’ 
used as MeSH terms, retrieved 70 papers for rats, 34 
for mice, 16 for rabbits, 11 for sheep, 5 for pigs and 3 
papers for zebrafish. Although the popularity of rats is 
related to their established position in postmenopausal 
osteoporosis research, as evidenced by FDA guidelines 
(Thompson et al. 1995), murine models are increasingly 
used nowadays. Mice are considered to be an appropriate 
pre-clinical model of GIO. They share more than 95% 
of the human genome and can be readily genetically 
manipulated to simulate specific human diseases. It 
is also possible to control for the variability found in 
humans and undertake experiments that would otherwise 
be impossible in humans. They also have the added 
advantage of being relatively easy and cost-effective to 
maintain. The adult mammalian skeleton undergoes a 
continuous remodelling cycle and some of the early pre-
clinical studies using different species failed to appreciate 
this. More recent work has shown that the mouse shows 
a similar pattern to human GIO, with an early phase of 
osteoclast mediated bone resorption, followed by a more 
indolent phase of decreased osteoblastogenesis and bone 
formation (Yao et al. 2008). Unlike in humans, however, 
mice lack osteons (or the Haversian system) in cortical 
bone and therefore remodelling within this structure does 
not occur as it does in humans (Jilka 2013). Marked effects 
on bone structural parameters caused by GCs are more 
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Table 1  Animal models of glucocorticoid-induced osteoporosis.

 
Species

 
Sex + age

GC type, duration, 
administration, dose

Body Weight 
(compared to baseline)

Bone 
site

 
Bone imaging technique

Histomorphometry  
(GC vs controls)

 
µCT (GC vs control)

 
DXA (GC vs control)

Bone strength testing  
(GC vs control)

 
Ref

Mice, FVB F, 3 week Dex, 28 days working day SC 
14.3 µg/mouse/day

NA Fem uCT NA BV/TV: no diff NA NA Postnov et al. 
(2009)

Mice, ICR M, 6–8 week Dex, 28 days, daily IP inj., 
2.5 mg/kg/day

No change in GC 
group,  +15% in 
controls

Tib Histomorph, (tib), pQCT 
(tib diaphysis)

BV/TV–45% pQCT: no difference in vBMD, 
Cortical Thickness–57%

NA NA Du et al. (2011)

Mice, mod Swiss Webster 
backgrnd

M, 2 month Pred, 21 days, sc pellet, 0.8, 2.8 
and 4.0 mg/kg/day

−20% in GC groups, 
+24% in controls

Fem
LS

Histomorph, (L4, fem 
shaft); uCT (L5, distal 
fem)

MS/BS–50%, BFR/BS–65% in 
highest GC group only

BV/TV–22% in highest GC group 
only

NA Axial compression (L6), 
4-point-bend test (fem)

L6: Max Load −48% and −61% 
in 2 higher doses GC gps, 
resp; no diff at fem

Yao et al. (2016)

Mice, Swiss Webster M, 2 month Pred, 21 days, sc pellet, 3.3 mg/
kg/day

−20% in GC group; 
+25% in controls

Fem
LS

Histomorph (L4, L5, fem 
diaphysis); uCT (fem 
diaphysis, L5)

L5: MS/BS −46%, BFR/BS −60%; 
Fem: diaphyseal endocortex: 
BFR/BS −91%, diaphyseal 
periosteum −92%

L5: BV/TV −32%; distal fem: BV/
TV: no diff

NA Axial compression (L6), 
3-point-bend test (femur)

Max Load: L6: −24%, fem: no 
diff

Dai et al. (2015)

Mice, WT littermates of 
transgenic offspring

M, 8 week Cort, 28 days, sc pellet, NA NA Tib
LS

Histomorph(prox tibia); 
uCT (L3, tibia)

Zero endocortical BFR/BS at tib L3: BV/TV: no diff; tibial 
metaphysis: BV/TV: no diff; tib 
diaphysis: Cortical thickness: no 
diff

NA 3-point-bend test (tib) Max 
Load: no diff

Henneicke et al. 
(2011)

Mice, CD1 Swiss White M, 7–9 week Cort, 28 days, sc pellet, 15 mg/
kg/day

NA Tib
LS

uCT (L3, tibia) NA L3: BV/TV–33%; tibia: BV/TV–56% NA NA Herrmann et al. 
(2009)

Mice, C57BL/6J + 129/SvJ F + M, 9 week Cort, 28 days sc pellet every 
week NA

+27% in GC groups; 
+3% in controls

Tib QCT NA Trab BMD: −12% F, −21% M BV/
TV −20% F, −27%M cort vBMD 
decreased, but not cort 
thickness/bone area

NA NA Tamura et al. 
(2015)

Mice, C57BL/6 F, 8–10 week Dex, 17 days working day IP 
88 µg/mouse/day

NA Fem pQCT NA Trab vBMD :+30%, Cort thickness: 
−9%

NA NA Grahnemo et al. 
(2015)

Mice, C57BL/6J F, 3 month Dex, 84 days thrice week IM 
2.1 mg/kg/day

NA (at end GC group 
+22% vs controls)

Tib Histomorph,;CT NA BV/TV–47% NA NA Cheng et al. 
(2015)

Mice, Swiss Webster M, 3 month Pred, 28 days, sc pellet, 1.4, 2.8 
and 5.6 mg/kg/day

NA F Histomorph MS/BS −40–60% (in two highest 
GC doses)

NA NA Axial compression (L6) Jia et al. (2011)

Mice, C57BL/6 F, 4 month Pred, 28 days sc pellet 1.4, 
2.1 mg/kg/day

No change Fem
LS

Histomorph (LS) 
DXA (LS; fem)
uCT (LS)

MS/BS: no diff, BFR/BS: −36% BV/TV: no diff
Cort thickness: −22% 

LS: aBMD: −5% 
Fem: no diff

Axial compression (LS)
No diff

Sato et al. (2016)

Mice, Swiss Webster M, 4 month Pred, 28 days, sc pellet, 2.1 mg/
kg/day

NA LS Histomorph(L5); DXA (L? 
in vivo)

BV/TV–66% NA aBMD change 
from 
baseline–9% in 
GC gp and–4% in 
controls, (sig diff 
between grps)

NA Li et al. (2016)

Mice, Swiss Webster F, 5 month Pred, 10 days sc pellet 2.1 mg/
kg/day

NA LS Histomorph, DXA  BV/TV: −23%, MS/BS: −86%, BFR/
BS: −90%

NA aBMD: –18% Axial compression (LS) Max 
Load: –34%

Plotkin et al. 
(2011)

Mice, Swiss Webster M, 5 month Pred, 28 days, sc pellet, 5.0 mg/
kg/day

No change by end 
(−15% after 2 weeks 
in GC gp)

Tib Histomorph, ; uCT BV/TV −22%, MS/BS −61%, BFR/
BS −75%

BV/TV no difference NA NA Bouvard et al. 
(2013)

Mice, C57BL/6 M, 6 month Pred, 56 days, sc pellet, 2.8 mg/
kg/day

NA Fem
LS

uCT (L3, femoral diaphysis) NA L3: BV/TV–25%; femoral 
diaphysis: Cortical thickness 
−20%

NA NA Fumoto et al. 
(2014)

Mice, C57BL/6 M, 6 month Pred, 28 days, sc pellet, 2.1 mg/
kg/day

NA LS Histomorph, (L1–L4); uCT 
(L5); DXA (L1–L4 in vivo)

BFR/BS–49% BV/TV not diff aBMD–11% Axial compression (L6) Weinstein et al. 
(2011)

Mice, Swiss Webster M, 6 month Pred, 56 days, sc pellet, 5.0 mg/
kg/day

NA Fem uCT NA BV/TV no difference (−30% at 
day 28)

NA NA Yao et al. (2008)

Mice, BALB/c 
 

F, 7 month 
 

Dex, 14 & 21 days daily IP 1.0, 
5.0, 10 mg/kg/day 

No change 
 

Fem
Tib
LS

Histomorph (Fem, Tib, L5)
 uCT (Fem, Tib, LS)

Fem: BV/TV: no diff, Fem: MS/BS: 
−62%, Fem: BFR/BS: −74% (at 
mid GC dose)

Fem BV/TV: +11%; LS: no diff NA NA McLaughlin et al. 
(2002) 

Mice, Swiss Webster 
 
 
 

M, 6 month 
 
 
 

Pred, 21 days, sc pellet, 1.4 mg/
kg/day 
 
 

−10% after 1 week, 
regained initial 
weight by study end 
(no diff GC vs control 
by end)

LS 
 
 
 

Histomorph(L5); uCT (L5) 
 
 
 

BV/TV −19%, MS/BS–31%, BFR/
BS–80% 
 
 

BV/TV–22% 
 
 
 

NA 
 
 
 

Axial compression (L3)
Max Load: no dif 

 
 

Lane et al. (2005) 
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Table 1  Animal models of glucocorticoid-induced osteoporosis.

 
Species

 
Sex + age

GC type, duration, 
administration, dose

Body Weight 
(compared to baseline)

Bone 
site

 
Bone imaging technique

Histomorphometry  
(GC vs controls)

 
µCT (GC vs control)

 
DXA (GC vs control)

Bone strength testing  
(GC vs control)

 
Ref

Mice, FVB F, 3 week Dex, 28 days working day SC 
14.3 µg/mouse/day

NA Fem uCT NA BV/TV: no diff NA NA Postnov et al. 
(2009)

Mice, ICR M, 6–8 week Dex, 28 days, daily IP inj., 
2.5 mg/kg/day

No change in GC 
group,  +15% in 
controls

Tib Histomorph, (tib), pQCT 
(tib diaphysis)

BV/TV–45% pQCT: no difference in vBMD, 
Cortical Thickness–57%

NA NA Du et al. (2011)

Mice, mod Swiss Webster 
backgrnd

M, 2 month Pred, 21 days, sc pellet, 0.8, 2.8 
and 4.0 mg/kg/day

−20% in GC groups, 
+24% in controls

Fem
LS

Histomorph, (L4, fem 
shaft); uCT (L5, distal 
fem)

MS/BS–50%, BFR/BS–65% in 
highest GC group only

BV/TV–22% in highest GC group 
only

NA Axial compression (L6), 
4-point-bend test (fem)

L6: Max Load −48% and −61% 
in 2 higher doses GC gps, 
resp; no diff at fem

Yao et al. (2016)

Mice, Swiss Webster M, 2 month Pred, 21 days, sc pellet, 3.3 mg/
kg/day

−20% in GC group; 
+25% in controls

Fem
LS

Histomorph (L4, L5, fem 
diaphysis); uCT (fem 
diaphysis, L5)

L5: MS/BS −46%, BFR/BS −60%; 
Fem: diaphyseal endocortex: 
BFR/BS −91%, diaphyseal 
periosteum −92%

L5: BV/TV −32%; distal fem: BV/
TV: no diff

NA Axial compression (L6), 
3-point-bend test (femur)

Max Load: L6: −24%, fem: no 
diff

Dai et al. (2015)

Mice, WT littermates of 
transgenic offspring

M, 8 week Cort, 28 days, sc pellet, NA NA Tib
LS

Histomorph(prox tibia); 
uCT (L3, tibia)

Zero endocortical BFR/BS at tib L3: BV/TV: no diff; tibial 
metaphysis: BV/TV: no diff; tib 
diaphysis: Cortical thickness: no 
diff

NA 3-point-bend test (tib) Max 
Load: no diff

Henneicke et al. 
(2011)

Mice, CD1 Swiss White M, 7–9 week Cort, 28 days, sc pellet, 15 mg/
kg/day

NA Tib
LS

uCT (L3, tibia) NA L3: BV/TV–33%; tibia: BV/TV–56% NA NA Herrmann et al. 
(2009)

Mice, C57BL/6J + 129/SvJ F + M, 9 week Cort, 28 days sc pellet every 
week NA

+27% in GC groups; 
+3% in controls

Tib QCT NA Trab BMD: −12% F, −21% M BV/
TV −20% F, −27%M cort vBMD 
decreased, but not cort 
thickness/bone area

NA NA Tamura et al. 
(2015)

Mice, C57BL/6 F, 8–10 week Dex, 17 days working day IP 
88 µg/mouse/day

NA Fem pQCT NA Trab vBMD :+30%, Cort thickness: 
−9%

NA NA Grahnemo et al. 
(2015)

Mice, C57BL/6J F, 3 month Dex, 84 days thrice week IM 
2.1 mg/kg/day

NA (at end GC group 
+22% vs controls)

Tib Histomorph,;CT NA BV/TV–47% NA NA Cheng et al. 
(2015)

Mice, Swiss Webster M, 3 month Pred, 28 days, sc pellet, 1.4, 2.8 
and 5.6 mg/kg/day

NA F Histomorph MS/BS −40–60% (in two highest 
GC doses)

NA NA Axial compression (L6) Jia et al. (2011)

Mice, C57BL/6 F, 4 month Pred, 28 days sc pellet 1.4, 
2.1 mg/kg/day

No change Fem
LS

Histomorph (LS) 
DXA (LS; fem)
uCT (LS)

MS/BS: no diff, BFR/BS: −36% BV/TV: no diff
Cort thickness: −22% 

LS: aBMD: −5% 
Fem: no diff

Axial compression (LS)
No diff

Sato et al. (2016)

Mice, Swiss Webster M, 4 month Pred, 28 days, sc pellet, 2.1 mg/
kg/day

NA LS Histomorph(L5); DXA (L? 
in vivo)

BV/TV–66% NA aBMD change 
from 
baseline–9% in 
GC gp and–4% in 
controls, (sig diff 
between grps)

NA Li et al. (2016)

Mice, Swiss Webster F, 5 month Pred, 10 days sc pellet 2.1 mg/
kg/day

NA LS Histomorph, DXA  BV/TV: −23%, MS/BS: −86%, BFR/
BS: −90%

NA aBMD: –18% Axial compression (LS) Max 
Load: –34%

Plotkin et al. 
(2011)

Mice, Swiss Webster M, 5 month Pred, 28 days, sc pellet, 5.0 mg/
kg/day

No change by end 
(−15% after 2 weeks 
in GC gp)

Tib Histomorph, ; uCT BV/TV −22%, MS/BS −61%, BFR/
BS −75%

BV/TV no difference NA NA Bouvard et al. 
(2013)

Mice, C57BL/6 M, 6 month Pred, 56 days, sc pellet, 2.8 mg/
kg/day

NA Fem
LS

uCT (L3, femoral diaphysis) NA L3: BV/TV–25%; femoral 
diaphysis: Cortical thickness 
−20%

NA NA Fumoto et al. 
(2014)

Mice, C57BL/6 M, 6 month Pred, 28 days, sc pellet, 2.1 mg/
kg/day

NA LS Histomorph, (L1–L4); uCT 
(L5); DXA (L1–L4 in vivo)

BFR/BS–49% BV/TV not diff aBMD–11% Axial compression (L6) Weinstein et al. 
(2011)

Mice, Swiss Webster M, 6 month Pred, 56 days, sc pellet, 5.0 mg/
kg/day

NA Fem uCT NA BV/TV no difference (−30% at 
day 28)

NA NA Yao et al. (2008)

Mice, BALB/c 
 

F, 7 month 
 

Dex, 14 & 21 days daily IP 1.0, 
5.0, 10 mg/kg/day 

No change 
 

Fem
Tib
LS

Histomorph (Fem, Tib, L5)
 uCT (Fem, Tib, LS)

Fem: BV/TV: no diff, Fem: MS/BS: 
−62%, Fem: BFR/BS: −74% (at 
mid GC dose)

Fem BV/TV: +11%; LS: no diff NA NA McLaughlin et al. 
(2002) 

Mice, Swiss Webster 
 
 
 

M, 6 month 
 
 
 

Pred, 21 days, sc pellet, 1.4 mg/
kg/day 
 
 

−10% after 1 week, 
regained initial 
weight by study end 
(no diff GC vs control 
by end)

LS 
 
 
 

Histomorph(L5); uCT (L5) 
 
 
 

BV/TV −19%, MS/BS–31%, BFR/
BS–80% 
 
 

BV/TV–22% 
 
 
 

NA 
 
 
 

Axial compression (L3)
Max Load: no dif 

 
 

Lane et al. (2005) 
 
 
 

(Continued)
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Species

 
Sex + age

GC type, duration, 
administration, dose

Body Weight 
(compared to baseline)

Bone 
site

 
Bone imaging technique

Histomorphometry  
(GC vs controls)

 
µCT (GC vs control)

 
DXA (GC vs control)

Bone strength testing  
(GC vs control)

 
Ref

Mice, Swiss Webster M, 7 month Pred, 27 days, sc pellet, 0.7 and 
2.1 mg/kg/day

NA (tendency to lower 
weights in GC grps by 
end)

Fem
LS

Histomorph (L?, femur), 
DXA (L? in vivo)

BV/TV–39%, MS/BS–26%, BFR/
BS–53% (in higher GC group 
only)

NA aBMD change 
from base −3, −7, 
−9% in controls, 
lower, higher GC 
dose groups, 
respectively (sig 
diff between 
higher GC vs 
control)

NA Weinstein et al. 
(1998)

Mice, Black Swiss +129SvJ M, 7 month Pred, 28 days sc pellet, 2.1 mg/
kg/day

 

NA Fem
LS
 

Histomorph,(LS, Fem); 
pQCT (LS, Fem)

LS: BV/TV: −31%
LS: BFR/BS: 84%
Fem: no difference

pQCT: vBMD no diff NA Axial compression (LS); 3-point 
bend test (femur)

Max Load: LS: –29%, Fem: no 
diff

Hofbauer et al. 
(2009)

Rabbits, Japanese white F, 6 month MP, 28 days, daily IM inj., 
2.0 mg/kg/day

−9% in both control 
and GC groups

Fem
LS

DXA (fem head and shaft), 
uCT (fem, L4)

NA Osteonecrosis after 8 weeks 
(4-week treatment +4-week 
wash out) in fem head

aBMD: femoral 
head −33%; fem 
shaft–22%

NA Lin et al. (2016)

Rabbits, New Zealand white F, 8 month MP, 56 days, daily IM inj., 
1.0 mg/kg/day

No change LS DXA (L3–L4 in vivo), uCT 
(L3–4)

NA BV/TV–17% aBMD–25% Axial compression (L3–4) Max 
Load–19%, no diff in Stiffness

Baofeng et al. 
(2010)

Rabbits, New Zealand white F, 8 month MP, 28 days, daily IM inj., 
1.5 mg/kg/day

No change (no details 
were shown)

LS
Knee

DXA (L3–L4, knee) NA NA aBMD: spine–9%; 
knee–19%

NA Castañeda et al. 
(2008)

Rabbits, New Zealand white M, 8 month Dex, 84 days, twice a week IM 
inj., 0.9 mg/kg/day

Slight increase in all 
groups (no numbers 
shown)

LS Histomorph (L3), DXA 
(L3–L4)

BV/TV–39% NA aBMD–27% Axial compression (L4) Max 
Load–38%, Stiffness–34%

Yongtao et al. 
(2014)

Rats, Wistar M, 2 month Pred, 42 days, oral gavage 
every second day, 15 mg/kg/
day

NA Tib pQCT (tibial diaphysis) NA Cortical vBMD −2%, Cortical 
thickness: no diff, SSI–25%

NA NA Yokote et al. 
(2008)

Rats, Sprague–Dawley F, 3 month Dex, 84 days, twice a week IM 
inj., 0.7 mg/kg/day

No change Multi 
sites

DXA (head, upper limb, 
fem, trunk, rib, pelvis, 
spine, whole body)

NA NA aBMD: spine–18% NA Jiang et al. (2016)

Rats, Sprague–Dawley F, 3 month MP, 56 days, thrice a week SC 
inj., 2.1 mg/kg/day

No change Tib
Fem

Histomorph,(tib diaphysis); 
DXA (fem)

MS/BS–60%, BFR/BS–76% NA aBMD–5% NA Iwamoto et al. 
(2008)

Rats, Sprague–Dawley M, 3 months Pred, 90 days, daily oral 
gavage, 1.5, 3.0 and 6.0 mg/
kg/day

+33% in GC groups; 
+62% in controls

Tib
Fem
LS

Histomorph (fem, tibia); 
DXA (fem, L5); uCT (L6)

tib: BV/TV: no diff, MS/BS–27% 
(high GC gp only), BFR/BS–52% 
(all combined); fem: BV/TV: no 
diff, MS/BS–39% (comb), BFR/
BS–38% (comb)

BV/TV: no difference aBMD: fem: –8%; 
L5: no diff

Axial compression (L5), 
3-point-bend test (fem) Max 
Load: fem: –7% (no diff with 
lowest dose), L5: −22%; 
Stiffness: fem: −17% (no diff 
with lowest dose), L5: data 
not shown

Lin et al. (2014)

Rats, Wistar 
 
 
 

F, 3, 6, 
12 month 
 
 
 

Pred, 28 days, daily SC inj., 2.0 
and 20 mg/kg/day 
 
 
 

+9%, +3% No change 
in controls; +5%, no 
change, −8% in high 
GC group (3, 6, 
12-month old 
mice, resp.)

Tib 
 
 
 

pQCT (tib metaphysis and 
diaphysis) 
 
 
 

NA 
 
 
 
 

Trab vBMD higher/lower/not diff 
(3/6/12-month old), Cortical 
vBMD unchanged in either 
group (only % changes from 
baseline given) 

NA 
 
 
 
 

NA 
 
 
 
 

Ogoshi et al. 
(2008) 
 
 
 

Rats, Sprague–Dawley F, 6 month MP, 30 days, thrice a week SC 
inj, 3.0 mg/kg/day

No change (no details 
shown)

Tib
Total 

Body

Histomorph(tib)DXA (total 
body)

BV/TV–11%, MS/BS–13%, BFR/
BS–18%

NA aBMD–8% NA Dalle Carbonare 
et al. (2007)

Rats, Sprague–Dawley F, 8 month MP, 60 days, daily SC inj, 30 mg/
kg/day

NA Fem DXA NA NA aBMD–9% 3-point-bend test (femur)
Max Load–27%

Bitto et al. (2009)

Rats, Wistar M, 8 month MP, 42 days, weekly SC inj, 
1.0 mg/kg/day

NA Femur
LS

Histomorph (distal fem); 
DXA (L2–L4 in vivo)

BV/TV −34% NA aBMD −1% in 
controls, −10% in 
GC (sig diff 
between gps)

NA Wimalawansa & 
Simmons (1998)

Rats, Sprague–Dawley 
 

M, NA
200–225 g 

Dex, 19 days, continuous pump 
infusion,  
16.3 µg/rat/day

+8% in GC group, 
+52% in controls 

Fem 
 

Histomorph 
 

BV/TV–50% 
 

NA 
 

NA 
 

NA 
 

King et al. (1996) 
 

aBMD, areal bone mineral density; BFR/BV, bone formation rate/bone surface; BV/TV, bone volume/tissue volume; Cort, corticosterone; Dex, 
dexamethasone; DXA, dual x-ray absorptiometry; F, female; Fem, femur; GC, glucocorticoid; Histomorph, histomorphometry; LS, lumbar spine, M, male; 
MAR, mineral apposition rate; MP, methylprednisolone; MS/BS, mineralizing surface/bone Surface; NA, not available; Pred, prednisolone; pQCT, 
peripheral quantitative CT; QCT, quantitative CT; Tib, tibia; uCT, micro-CT; vBMD, volumetric BMD.

Table 1  Continued.
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Species

 
Sex + age

GC type, duration, 
administration, dose

Body Weight 
(compared to baseline)

Bone 
site

 
Bone imaging technique

Histomorphometry  
(GC vs controls)

 
µCT (GC vs control)

 
DXA (GC vs control)

Bone strength testing  
(GC vs control)

 
Ref

Mice, Swiss Webster M, 7 month Pred, 27 days, sc pellet, 0.7 and 
2.1 mg/kg/day

NA (tendency to lower 
weights in GC grps by 
end)

Fem
LS

Histomorph (L?, femur), 
DXA (L? in vivo)

BV/TV–39%, MS/BS–26%, BFR/
BS–53% (in higher GC group 
only)

NA aBMD change 
from base −3, −7, 
−9% in controls, 
lower, higher GC 
dose groups, 
respectively (sig 
diff between 
higher GC vs 
control)

NA Weinstein et al. 
(1998)

Mice, Black Swiss +129SvJ M, 7 month Pred, 28 days sc pellet, 2.1 mg/
kg/day

 

NA Fem
LS
 

Histomorph,(LS, Fem); 
pQCT (LS, Fem)

LS: BV/TV: −31%
LS: BFR/BS: 84%
Fem: no difference

pQCT: vBMD no diff NA Axial compression (LS); 3-point 
bend test (femur)

Max Load: LS: –29%, Fem: no 
diff

Hofbauer et al. 
(2009)

Rabbits, Japanese white F, 6 month MP, 28 days, daily IM inj., 
2.0 mg/kg/day

−9% in both control 
and GC groups

Fem
LS

DXA (fem head and shaft), 
uCT (fem, L4)

NA Osteonecrosis after 8 weeks 
(4-week treatment +4-week 
wash out) in fem head

aBMD: femoral 
head −33%; fem 
shaft–22%

NA Lin et al. (2016)

Rabbits, New Zealand white F, 8 month MP, 56 days, daily IM inj., 
1.0 mg/kg/day

No change LS DXA (L3–L4 in vivo), uCT 
(L3–4)

NA BV/TV–17% aBMD–25% Axial compression (L3–4) Max 
Load–19%, no diff in Stiffness

Baofeng et al. 
(2010)

Rabbits, New Zealand white F, 8 month MP, 28 days, daily IM inj., 
1.5 mg/kg/day

No change (no details 
were shown)

LS
Knee

DXA (L3–L4, knee) NA NA aBMD: spine–9%; 
knee–19%

NA Castañeda et al. 
(2008)

Rabbits, New Zealand white M, 8 month Dex, 84 days, twice a week IM 
inj., 0.9 mg/kg/day

Slight increase in all 
groups (no numbers 
shown)

LS Histomorph (L3), DXA 
(L3–L4)

BV/TV–39% NA aBMD–27% Axial compression (L4) Max 
Load–38%, Stiffness–34%

Yongtao et al. 
(2014)

Rats, Wistar M, 2 month Pred, 42 days, oral gavage 
every second day, 15 mg/kg/
day

NA Tib pQCT (tibial diaphysis) NA Cortical vBMD −2%, Cortical 
thickness: no diff, SSI–25%

NA NA Yokote et al. 
(2008)

Rats, Sprague–Dawley F, 3 month Dex, 84 days, twice a week IM 
inj., 0.7 mg/kg/day

No change Multi 
sites

DXA (head, upper limb, 
fem, trunk, rib, pelvis, 
spine, whole body)

NA NA aBMD: spine–18% NA Jiang et al. (2016)

Rats, Sprague–Dawley F, 3 month MP, 56 days, thrice a week SC 
inj., 2.1 mg/kg/day

No change Tib
Fem

Histomorph,(tib diaphysis); 
DXA (fem)

MS/BS–60%, BFR/BS–76% NA aBMD–5% NA Iwamoto et al. 
(2008)

Rats, Sprague–Dawley M, 3 months Pred, 90 days, daily oral 
gavage, 1.5, 3.0 and 6.0 mg/
kg/day

+33% in GC groups; 
+62% in controls

Tib
Fem
LS

Histomorph (fem, tibia); 
DXA (fem, L5); uCT (L6)

tib: BV/TV: no diff, MS/BS–27% 
(high GC gp only), BFR/BS–52% 
(all combined); fem: BV/TV: no 
diff, MS/BS–39% (comb), BFR/
BS–38% (comb)

BV/TV: no difference aBMD: fem: –8%; 
L5: no diff

Axial compression (L5), 
3-point-bend test (fem) Max 
Load: fem: –7% (no diff with 
lowest dose), L5: −22%; 
Stiffness: fem: −17% (no diff 
with lowest dose), L5: data 
not shown

Lin et al. (2014)

Rats, Wistar 
 
 
 

F, 3, 6, 
12 month 
 
 
 

Pred, 28 days, daily SC inj., 2.0 
and 20 mg/kg/day 
 
 
 

+9%, +3% No change 
in controls; +5%, no 
change, −8% in high 
GC group (3, 6, 
12-month old 
mice, resp.)

Tib 
 
 
 

pQCT (tib metaphysis and 
diaphysis) 
 
 
 

NA 
 
 
 
 

Trab vBMD higher/lower/not diff 
(3/6/12-month old), Cortical 
vBMD unchanged in either 
group (only % changes from 
baseline given) 

NA 
 
 
 
 

NA 
 
 
 
 

Ogoshi et al. 
(2008) 
 
 
 

Rats, Sprague–Dawley F, 6 month MP, 30 days, thrice a week SC 
inj, 3.0 mg/kg/day

No change (no details 
shown)

Tib
Total 

Body

Histomorph(tib)DXA (total 
body)

BV/TV–11%, MS/BS–13%, BFR/
BS–18%

NA aBMD–8% NA Dalle Carbonare 
et al. (2007)

Rats, Sprague–Dawley F, 8 month MP, 60 days, daily SC inj, 30 mg/
kg/day

NA Fem DXA NA NA aBMD–9% 3-point-bend test (femur)
Max Load–27%

Bitto et al. (2009)

Rats, Wistar M, 8 month MP, 42 days, weekly SC inj, 
1.0 mg/kg/day

NA Femur
LS

Histomorph (distal fem); 
DXA (L2–L4 in vivo)

BV/TV −34% NA aBMD −1% in 
controls, −10% in 
GC (sig diff 
between gps)

NA Wimalawansa & 
Simmons (1998)

Rats, Sprague–Dawley 
 

M, NA
200–225 g 

Dex, 19 days, continuous pump 
infusion,  
16.3 µg/rat/day

+8% in GC group, 
+52% in controls 

Fem 
 

Histomorph 
 

BV/TV–50% 
 

NA 
 

NA 
 

NA 
 

King et al. (1996) 
 

aBMD, areal bone mineral density; BFR/BV, bone formation rate/bone surface; BV/TV, bone volume/tissue volume; Cort, corticosterone; Dex, 
dexamethasone; DXA, dual x-ray absorptiometry; F, female; Fem, femur; GC, glucocorticoid; Histomorph, histomorphometry; LS, lumbar spine, M, male; 
MAR, mineral apposition rate; MP, methylprednisolone; MS/BS, mineralizing surface/bone Surface; NA, not available; Pred, prednisolone; pQCT, 
peripheral quantitative CT; QCT, quantitative CT; Tib, tibia; uCT, micro-CT; vBMD, volumetric BMD.

Table 1  Continued.
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frequently observed in younger animals, but in order 
to avoid complications in bone measurements due to 
loss of weight caused by GC, it has been suggested that 
skeletally mature animals should be used to investigate 
GIO. Gene knockout and transgenic approaches have also 
established the usefulness of the mouse in determining 
which genes are critical for bone turnover (Rauch et al. 
2010). The mouse has also been used effectively in other 
models of bone loss, such as androgen or oestrogen loss 
and ageing (Pogoda et al. 2005). However, with regard to 
bone density and quality, dogs appear to be most similar 
to humans and rats the least (Aerssens et  al. 1998). 
Interestingly, in vivo and in vitro bone mineral imaging 
as well as scale mineralization studies in zebrafish 
were described as a very simple alternative to explore 
alterations in mineralization pathways to GC challenge 
(Barrett et al. 2006).

Techniques to measure GIO

Osteoporosis is defined as an alteration of bone structure 
leading to increased fragility and fracture rate. In humans, 
clinically significant fractures and inappropriately low 
BMD serve as diagnostic criteria for osteoporosis. There 
is no such consensus on criteria defining osteoporosis in 
animal models. As spontaneous fractures do not occur in 
most animal models, unlike in humans, suitable proxy 
outcome measures need to be utilized. The following 
methods have been used to describe changes in bone 
health after GC exposure:

Bone histomorphometry

Traditional methods to assess changes in bone structure 
include the evaluation of histological sections of 
mineralized bone. In basic osteoporosis research, lumbar 
vertebral bodies and long-bone (typically, femoral 
and tibial) metaphyses are examined to investigate 
trabecular (cancellous) bone changes, whereas cortical 
bone alterations are assessed within the diaphysis of 
long bones. In addition to the primary static measures, 
so-called dynamic parameters can also be calculated 
using the primary measures assessed on bone histological 
sections after appropriate fluorochrome labelling.

Dual-energy x-ray absorptiometry

Dual-energy x-ray absorptiometry (DXA) is widely used for 
BMD evaluation in the clinical as well as research setting. 

DXA assesses areal BMD (aBMD = bone mineral content/
bone area). The precision of in vivo DXA scans has been 
shown to be very good in mice (coefficients of variation 
<2%) at total body (excluding head), lumbar spine  
(L4–L5), whole femur and whole tibia sites (Iida-Klein 
et al. 2003). This enables longitudinal BMD observations 
to be used in murine osteoporosis studies. However, 
in studies, DXA scans have often been performed on 
different skeletal sites ex vivo as an outcome measure 
(Table  1). The main drawback of DXA is that there is 
no information on bone structure or quality. Bone mass 
increases with body mass, therefore, smaller and younger 
animals will have lower BMD compared to larger and 
older ones, but not necessarily more fragile bones. Since 
experimental drugs, such as GCs, may affect body weight 
or growth (as discussed later), size should be taken into 
account to prevent the introduction of bias regarding the 
effect on BMD. However, bone size adjustments are rarely 
undertaken in murine osteoporosis studies (none of the 
studies listed in Table 1).

Peripheral quantitative computerized tomography 
and micro-computerized tomography

By using peripheral quantitative computerized tomography 
(pQCT), true volumetric BMD can be assessed, that, 
together with bone architecture and geometry, allows for 
calculation of bone strength and structural indices. These 
indices correlate very well with whole bone strength when 
tested ex vivo (Siu et al. 2003, Kokoroghiannis et al. 2009). 
Micro-computerized tomography (μCT) is normally used 
at a resolution of 1–10 μm in rodents (Bouxsein et al. 2010). 
Major advantages compared to 2D histological sections 
are the 3D nature of the data, so that real mineralized 
bone matrix volumes in whole bone tissue volumes  
(BV/TV) can be assessed, faster data acquisition and larger 
bone region under investigation.

Biomechanical testing and biochemical markers of 
bone metabolism

Although the primary aim may be focused at the 
molecular, cellular, tissue or whole bone organ level, 
the crucial clinically relevant outcome of the numerous 
papers focusing on osteoporosis research is to increase 
bone strength and reduce fracture risk. Bone tissue is a 
complex and metabolically active structure and, at the 
organ level, bone continuously adapts to mechanical 
loading and other environmental factors to mitigate the 
stress and sustain its function. Therefore, none of the 
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above mentioned parameters alone can sufficiently mirror 
actual bone health. Biomechanical testing is the only 
method capable of verifying whether a treatment may 
cause or prevent bone fragility. In laboratory animals, bone 
competence is usually tested through axial compression 
of the vertebral bodies or three-point bending of long 
bones (Jepsen et al. 2015).

Distinct biochemical markers in serum/plasma are 
also used to follow disease or drug-mediated changes in 
bone formation (Glendenning 2011).

GC type and dose to induce osteoporosis

Prednisolone (or prednisone), methylprednisolone 
and dexamethasone are the most frequent synthetic 
GC used in osteoporosis animal models (Table  1). 
However, they have distinct differences in potency. 
Although the following order from the most to least 
potent is in agreement with several studies (i.e., 
dexamethasone > methylprednisolone > prednisolone/
prednisone > hydrocortisone/corticosterone), the relative 
efficacy may vary based on the assay or method of 
evaluation (Meikle & Tyler 1977, Tanaka et  al. 1994, 
Buttgereit et al. 2002). The relative efficacy and potency of 
GC may also depend on the system studied, for example 
the potency for effects on bone metabolism may be quite 
different to those on glucose and fat metabolism (Ahmed 
et al. 2002, Wallace et al. 2003). In addition, it is not yet 
clear whether genomic or non-genomic pathways play 
the major role in GIO (Hartmann et  al. 2016). Altered 
bone structure was observed in two-month-old male mice 
treated with 15 mg/kg/day of corticosterone (Herrmann 
et al. 2009), but only 2.8 mg/kg/day of methylprednisolone 
was needed to induce similar changes in mice of same age 
and sex (Yao et al. 2016). Therefore, methylprednisolone 
appears to be more potent than corticosterone in 
osteoporosis induction. Another study showed decreases 
in bone density, bone formation rate and bone strength 
in 6-month-old C57BL/6 male mice treated with 
prednisolone 2.1 mg/kg/day over 28  days, but the same 
dose was not sufficient to induce significant changes in 
female mice (Weinstein et al. 2011). By contrast, the same 
prednisolone dose was used in female mice of similar age, 
but different strain (i.e., Swiss Webster), and significant 
decreases were observed in bone density, bone formation 
and bone strength after only 10 days (Plotkin et al. 2011). 
This highlights that sex- as well as strain-specific efficacy 
may be present with different GCs. Controlling for sex 
(male), strain (Swiss Webster) and route of administration 

(slow release subcutaneous pellets), 3-month-old mice 
required 5.6 mg/kg/day of prednisolone, the highest dose 
tested, to induce a significant decrease in mineralizing 
surface/bone surface (MS/BS) and bone strength (Jia et al. 
2011) whereas a decrease in MS/BS and BMD was observed 
in 7-month-old mice challenged with 2.1 mg/kg/day of 
prednisolone (Weinstein et  al. 1998). Therefore, mouse 
age and pubertal status may be an additional factor 
influencing the potency of the tested GCs. In humans a 
dose of dexamethasone of 1 mg is equivalent to 6 mg of 
prednisolone, therefore consideration of the dose used 
relative to clinical application is important.

It is also important when investigating GIO to describe 
the impact on both trabecular and cortical bone as there 
are discrepancies between data obtained at different sites, 
see Table 1.

Route of administration in GIO models

Osteoporosis is induced by systemic administration of 
GC. Many studies implemented regular intramuscular, 
intraperitoneal or subcutaneous injections, but single 
implantation of slow release subcutaneous pellet or oral 
gavage have also been used (Table 1). In rats of the same 
strain and age, daily oral gavage of GCs over a 90  day 
period (Lin et al. 2014) led to similar adverse effects on 
bone (as assessed by histomorphometry and aBMD) as 
thrice weekly subcutaneous injections of GC over 56 days 
(Iwamoto et al. 2008). By contrast, a much shorter period 
of intervention is necessary to induce osteoporosis with 
daily injections (Ogoshi et al. 2008) or continuous infusion 
through subcutaneously implanted osmotic pumps (King 
et al. 1996). Daily injections are stressful for the animals, 
which may negatively influence the outcome and ethical 
regulations in some countries may not allow multiple 
repeated injections over a long time period. For example, 
the injection of carrier alone (PEG 400) caused a 3-fold 
increase in serum corticosterone levels in mice, compared 
to a 5–10 fold increase induced by an intraperitoneal 
injection of 10 mg corticosterone/kg body weight, 1 h 
after injection (Herrmann et  al. 2009). This technique 
of administration would also not be acceptable to most 
patients in the clinical trial setting. Micro-osmotic pumps 
were found to have a large variation in residual volumes 
21  days after implantation. With a filling volume of 
250 μL, residual volumes containing active drug ranged 
from 50 to 180 μL, which indicated major differences in 
the flow-rate of individual pumps (Herrmann et al. 2009). 
Subcutaneous insertion of slow release pellets containing 
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corticosterone leads to more consistent drug levels as 
compared to subcutaneous injections of corticosterone. 
Oral gavage seems to be less effective compared to daily 
injections or slow release subcutaneous pellets, but has 
the most translational relevance, as this would be the 
most accepted method of GC administration in the 
clinical setting. Whilst slow release pellet insertion may 
reduce unnecessary repetition of periodical injections 
over the study period their safety and efficacy needs 
further validation.

Animal models of GC-induced 
growth retardation

It is likely that different animal models are required to 
investigate GIO and growth retardation. Poor choice 
of model may result in misinterpretation of results and 
limited translational promise. For example, the young 
growing rat does not show any bone loss or changes in 
microarchitecture of trabecular bone and modelling is the 
prevailing activity; therefore, it is a poor model for human 
GIO (until at least 9 months of age when the transition 
to remodelling occurs). It does appear, however, to be 
a good model to mimic the growth retardation seen in 
children exposed to GC (Lelovas et al. 2008). For growth 
studies, the age and status of sexual maturity at the 
time of growth plate closure must also be considered. 
Unlike humans, bone acquisition and longitudinal bone 
growth continue in mice and rats after sexual maturity. 
Linear bone growth in rodents increases during the 
largest proportion of life expectancy in comparison 
with other species (Kilborn et  al. 2002). Humans and 
primates (showing the second highest ratios of age at 
growth plate closure to life expectancy), cows and sheep 
are also considered adults at the age when growth plate 
closure occurs. By contrast, rabbits, dogs and cats would 
be described as very young adults at the time of physis 
closure. In mice, whilst the highest growth phase is from 
weaning until sexual maturation, body weight continues 
to increase in the mouse up to the end of the 52nd week 
and long-bone growth continues slowly after puberty 
(Jilka 2013). By contrast, New Zealand white rabbits begin 
sexual maturation at approximately 2 months of age and 
undergo epiphyseal fusion by approximately 6  months 
of age. Therefore, in order to induce growth retardation 
and allow for subsequent catch-up growth in one study, 
GC challenge was commenced when the rabbits were 
5  weeks of age (Weise et  al. 2001). Nevertheless, using 
rabbits at a young age proved problematic for Kugelberg 

and coworkers who were unable to sex them at 3 weeks 
of age and therefore had to use both males and females 
in their study (Kugelberg et  al. 2005). This is important 
as imprinting (Jansson et al. 1985) by androgen secretion 
of the neonatal rodent brain has been shown to result in 
sex differentiation of body growth and, therefore, it is 
also important to consider which sex of animal is most 
relevant to the research question.

Techniques to assess bone growth rate

When studying mammalian growth, simple gross 
parameters such as weight, body or tail length have 
historically been used as proxies for growth rates 
(Hughes & Tanner 1970), and are still routinely recorded 
when assessing growth in pre-clinical studies. These 
measurements can be very inaccurate, however, and 
dependent on other confounding factors (Melin et  al. 
2005). X-ray determination of the length of different 
long bones with the aid of anatomical landmarks (Weber 
et al. 1968) is a simple but more accurate proxy. Recent 
advances in imaging also mean that tibial/femoral length 
can be accurately measured using micro (μ)CT. This is 
often performed in conjunction with other measures of 
trabecular and cortical bone structure (Waarsing et al. 2004, 
Bouxsein et al. 2010). In addition, in vivo μCT is a non-
invasive imaging technique that allows longitudinal bone 
growth to be evaluated over a period of weeks or months 
in the same animals and would therefore be well suited for 
monitoring GC-induced growth retardation. This can be a 
cost-effective and ethical method as it reduces the number 
of animals required for a study and also minimizes intra-
subject variability. Potential drawbacks include the dose 
of ionizing radiation delivered through multiple scans 
and the potential for radiation associated tissue effects 
on the growing skeleton (Klinck et al. 2008, Laperre et al. 
2011). Inclusion of a non-irradiated contralateral limb 
would clarify the magnitude of this potential issue. Also, 
by administering fluorescent labels (Owen et al. 2009) at 
known time intervals, the bone formation rate (BFR) at 
the chondro-osseous junction can be assessed visually 
under UV light, without the need for further staining 
or decalcification (Dobie et al. 2015). In addition to the 
methods used to assess the growth rate of the entire bone, 
measures of the tibial epiphyseal growth plate width have 
been used for over 50 years as a reliable proxy indicator of 
growth rate (Interlichia et al. 2010).

More recently, a number of investigators have used 
ex vivo models such as rodent metatarsals in culture 
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(Mårtensson et  al. 2004, Mushtaq et  al. 2004). For 
example, when fetal mouse metatarsals were cultured 
for up to 10  days with either daily or alternate-day 
dexamethasone at 10−6 M, dexamethasone-treated bones 
paralleled control bone growth rate until day 8 when their 
rate of growth decreased resulting in a total length that 
was significantly reduced from controls at days 8 and 10 
(Mushtaq et al. 2004).

It is well established that the rate of linear bone growth 
is dependent on growth plate chondrocyte proliferation, 
matrix turnover and changes in chondrocyte shape and 
size (Hunziker & Schenk 1989, Farquharson & Jefferies 
2000). Advances in quantitative histology now enable the 
growth plate to be scrutinized in greater detail to assess 
the contribution of the different chondrocyte activities 
to overall growth rate. Whilst quantitative histology 
techniques were developed in the 1970s to assess the 
relationship between cell division in growth cartilage 
and overall bone growth, chondrocyte proliferation is 
now routinely quantified by the immunohistochemical 
detection of BrdU incorporation into proliferating cells 
in tissue sections of the growth plate (Farquharson & 
Loveridge 1990). Cell death of hypertrophic chondrocytes 
within the growth plate is also required for physiological 
bone growth and the TUNEL assay allows the detection 
and quantification of apoptotic cells within a population 
of chondrocytes (Kyrylkova et al. 2012).

GC type and dose to induce 
growth retardation

The inquiry was performed on PubMed, with ‘growth 
retardation’ or ‘growth’, ‘glucocorticoids’ and ‘animal 
name’ used as MeSH terms. When summarising the 
data, we have not included studies where only gross 
body measurement parameters were taken as a subset 
of a larger study. Studies where only an abstract was 
available were also excluded. Where the same groups 
have published multiple work using the same species and 
methodology, only the initial data has been represented 
in Table 2.

As shown in Table  2, dexamethasone was the most 
frequently used GC in the growth retardation models 
that we reviewed. Method of administration and dosage 
varied greatly, consistent with the GIO models. Rodents 
were used in the majority of studies. Four of the studies 
administered subcutaneous injections of dexamethasone 
to mice of between 3 and 5 weeks of age. All used daily 

injections, except for one, where a 5-times weekly 
regimen was followed (Rooman et al. 1999). The length of 
course varied from 7 to 28 days and the dose used varied 
from approximately 0.02 mg/kg/day to 5 mg/kg/day.  
In one of the studies, where three varying doses 
were used, the lowest dose of 0.2 µg (approximately  
0.02 mg/kg/day) did not cause significant growth 
reduction, but both the 2 µg and 20 µg doses caused similar 
growth retardation (Rooman et  al. 1999). No differing 
side effects were reported in the two groups. When a 
dose of 2 mg/kg/day was used, body weight was reduced 
only in males and femur length only in females, whilst 
a significant reduction in body weight was demonstrated 
by day 3 using 5 mg/kg/day in females in a different 
study (Owen et al. 2009). It would, therefore, appear that 
there is a sex difference in response to GCs and that an 
optimal dose would be greater than 2 mg/kg/day to ensure 
significant growth retardation in both sexes. However, the 
rapid catabolic response with a reduction in body weight 
by day 3 seen with a dose of 5 mg/kg/day would suggest 
the need for close monitoring (Owen et al. 2009).

We reviewed 8 studies using rats, usually either 
Wistar or Sprague–Dawley and up to 4 months of age at 
study induction. All except two studies used only male 
rats. Length of course varied greatly from 4 to 90 days. 
In one of the studies using prednisolone, 10 mg/kg/day 
was originally chosen (after a previous study by the same 
authors demonstrated no effect on cortical bone using 
5 mg/kg/day (Ortoft et  al. 1992)) but after observing 
unexpectedly high weight loss, the dose was decreased 
to 5 mg/kg/day. Using 5 mg/kg/day they were able to 
demonstrate reduced longitudinal bone growth of the 
lumbar vertebrae. This highlights one of the problems 
of using body weight as a reflection of growth. GC can 
show a dual metabolic effect on body weight, depending 
on the dosage, method of administration and length of 
treatment. High dosages can cause a catabolic effect and 
loss in body weight whereas lower dosages can cause 
an increase in appetite and associated weight gain (as 
frequently seen in humans). For example, 1 mg/kg single 
dose of dexamethasone given to piglets caused accelerated 
growth at 18 days of age (Carroll 2001). Piglets are also 
noted to have a metabolic response to GCs that closely 
mimics the response observed in infants and children 
receiving long-term GC therapy (Ward et al. 1998). One 
of the studies using Wistar rats demonstrated inhibition 
of growth after only 10 days of either inhaled budesonide 
or fluticasone (Kemer et al. 2015), even at a dose of only 
50 µg. This is particularly relevant when considering that 
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inhaled GCs are the treatment of choice for persistent 
asthma symptoms in both children and adults.

Decreased bone growth has been demonstrated even 
at concentrations as low as 1 mg/kg/day in a study of rats, 
where doses of up to 9 mg/kg/day of methylprednisolone 
were used (Ortoft et  al. 1998a). In this study there was 
no discernible dose-specific side effects although serum 
insulin levels were reduced in all groups. These authors 
also noted that the catabolic effect of 9 mg/kg/day 
of methylprednisolone (Ortoft et  al. 1998b) by daily 
subcutaneous injection was less than that noted when a 
5 mg of depot prednisolone was used in rats of a similar 
age (Ortoft et  al. 1998a). This suggests that routes of 
administration must also be considered.

Three studies were reviewed which used rabbits; each 
of these used dexamethasone, but via a different method 
of administration (eye drops, local infusion and daily 
subcutaneous injection) therefore they cannot be directly 
compared. However, all studies reported significant 
reductions in growth within the dexamethasone-treated 
groups. All rabbits were aged 5  weeks or less at study 
induction and all were aged 11 weeks or less at time of 
cull. In the only pre-clinical model to use a topical method 
of GC administration, significant effects on growth were 
demonstrated (Kugelberg et al. 2005).

Three studies used piglets, all of whom were less 
than 7  weeks of age at the end of the study. Again a 
variety of routes of GC administration were used. 
It would appear that a dose of 0.25 mg/kg/day of 
dexamethasone is insufficient to induce bone growth 
retardation in young piglets (Śliwa et  al. 2005). In a 
similar study, a reduction in growth velocity persisted 
only when piglets were dosed with 0.3 mg/kg/day and 
above (Ward et al. 1998) and when prednisolone, at an 
equivalent dexamethasone dose of 0.75 mg/kg/day was 
used, a significant change in growth plate histology was 
seen (Smink et al. 2003b).

It appears that higher equivalent doses of GCs 
are used in rodents compared to larger mammals 
such as rabbits and piglets. In young mice, an optimal 
dose of dexamethasone when administered by daily 
subcutaneous injection seems to be between 2 and  
5 mg/kg/day. This review demonstrates that there are a 
varied number of different methods that can be employed 
effectively to cause GC-induced growth retardation. 
However, unlike the review of GIO, we found no studies 
using implantable pellets or osmotic mini-pumps that 
measured growth parameters and therefore further 
studies are required to clarify their effectiveness of these 
delivery routes in causing growth retardation. Having 

highlighted the pitfalls of using the gross parameter body 
weight as a marker of growth; we propose that any future 
studies should also use other confirmatory parameters 
of growth such as bone length measurements, BFR or 
growth plate histology.

Genetically engineered animal models

Global deletion of GR is lethal and mice die of respiratory 
failure due to lung atelectasis on the first day of life 
(Cole et al. 1995) therefore it is not possible to create a 
complete GR-knockout model. However, tissue-specific 
genetically modified mouse models can be useful to tease 
out the effect of GCs on interlinked reactions between 
the different types of bone cells. For example, deleting 
osteoblast-specific GR conferred protection from GIO, 
whilst deleting osteoclast-derived GR had no effect 
(Rauch et al. 2010). Development of col 2.3 and col 3.6 
hydroxysteroid dehydrogenase (HSD)2 transgenic mouse 
models that activate 11β-HSD2 in osteoblasts showed 
decreased vertebral trabecular and femoral cortical 
bone mass, without any change in serum GC levels 
(Liu et al. 2004), thus implicating a role for endogenous 
GC signalling within the osteoblast for optimal bone 
mass acquisition.

Conclusion

In this review, we have demonstrated that there are 
specific outcome measures that should be assessed 
when investigating either GIO or GC-induced growth 
retardation. We carried out a literature review with the 
aim of determining the most appropriate animal model 
to use when demonstrating the effects of GC on growth 
and bone structure, but results are too heterogeneous to 
enable one specific model to be advocated over another 
in all situations. However, there is sufficient evidence 
to recommend that investigation of GC-induced 
growth retardation in mice should be performed using 
dexamethasone 2–5 mg/kg/day by daily subcutaneous 
injection, and the outcome measures should include 
serial lengths (using consistent measuring technique) 
and/or growth plate width and BFR; the measurement of 
body weight for assessing linear growth is too inaccurate. 
When investigating GIO, there is insufficient evidence 
to recommend one specific mode of delivery over 
another, but in most studies, a dose of prednisolone  
2–5 mg/kg/day in mice has been sufficient. Recommended 

https://doi.org/10.1530/JOE-17-0361
http://joe.endocrinology-journals.org


https://doi.org/10.1530/JOE-17-0361
http://joe.endocrinology-journals.org	 © 2018 Society for Endocrinology

Published by Bioscientifica Ltd.
Printed in Great Britain

R86Animal models for GC effects on 
skeleton

 C L Wood et al. 236:1Journal of 
Endocrinology

outcome measures include volumetric BMD (by pQCT 
or μCT rather than by DXA for greater accuracy) and 
bone biomechanical testing to mimic fracture rate in 
clinical studies.
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Abstract
Evaluation of bone health in childhood is important 
to identify children who have inadequate bone 
mineralisation and who may benefit from interventions 
to decrease their risk of osteoporosis and subsequent 
fracture. There are no bone protective agents that are 
licensed specifically for the prevention and treatment of 
osteoporosis in children. In this review, we discuss the 
mechanism of action and use of bisphosphonates and 
other new and established bone protective agents in 
children.

Introduction
Healthy bone is metabolically active and under-
goes continuous modelling and remodelling during 
childhood to maintain the balance between bone 
formation and bone resorption. The size and shape 
of the skeleton changes rapidly during modelling in 
childhood and adolescence and approximately 90% 
of bone mass is accrued during the first 18 years of 
life.1 If this finely tuned process is disturbed, then 
osteoporosis can result. Osteoporosis is defined as 
a skeletal disorder characterised by compromised 
bone strength and predisposing a person to an 
increased risk of fracture2 and the importance of 
correctly diagnosing osteoporosis in children has 
been highlighted by the International Society for 
Clinical Densitometry (ISCD).3 The finding of one 
or more vertebral fracture is indicative of osteopo-
rosis in the absence of local disease or high energy 
trauma. In the absence of vertebral compression, a 
diagnosis of osteoporosis is indicated by the pres-
ence of both a clinically significant fracture history 
and bone mineral density (BMD) z-score  ≤2.0.3 
Skeletal fragility in children may be primary, due 
to an intrinsic bone abnormality (usually genetic 
in origin) or secondary as a result of an under-
lying medical condition or its treatment. Examples 
of conditions that can result in primary skeletal 
fragility include osteogenesis imperfecta, idiopathic 
juvenile osteoporosis and osteoporosis pseudo-
glioma syndrome. In most but not all cases, this 
skeletal fragility is associated with reduced BMD 
and will also satisfy the ISCD definition of osteopo-
rosis. Secondary osteoporosis is more common and 
has been reported in several chronic conditions in 
children (see table 1). It may arise due to a combina-
tion of factors including the inflammatory process 
itself, suboptimal nutrition, reduced lean body 
mass, decreased physical activity, delayed puberty 
or due to treatment for the underlying condition, 
particularly glucocorticoids (GC).4 

Although there are several bone-protective 
agents currently used in adults with osteoporosis 
(see table  2), none is licensed specifically for the 

prevention or treatment of osteoporosis in child-
hood. For children with chronic illness, treatment 
of the underlying condition should be the mainstay 
of osteoporosis prevention and treatment.

Bisphosphonates
In children, bone protective therapy has often been 
delivered using antiresorptive therapy, and in partic-
ular, bisphosphonates (BPs). Because a detailed 
review of the use of BPs in every chronic childhood 
condition is not possible within this article, we will 
focus on three examples:
1.	 Osteogenesis imperfecta (OI)—an example of 

primary skeletal fragility
2.	 Cerebral palsy  (CP)—secondary osteoporosis 

related to immobility
3.	 Duchenne muscular dystrophy  (DMD)— 

secondary osteoporosis associated with GC use.
BPs were the first pharmacological agent to be 

used in children with fragility fractures.5 Although 
BPs have now been widely used in adults with 
a range of conditions, their use in children has 
been more limited, in part because of concerns 
regarding the effects on the growing skeleton.6 
They are so called because they have two phos-
phonate groups, which enable them to bind to 
bone. They reduce osteoclast activity primarily 
by promoting osteoclast apoptosis and so inhib-
iting bone resorption. BPs also reduce overall 
bone turnover because bone resorption is coupled 
to bone formation. However, because osteoblast 
activity at the periosteal surface is unaffected, an 
overall increase in bone formation in the growing 
skeleton and potential reshaping of existing verte-
bral fractures can still occur, despite the low turn-
over state.7 The newer, nitrogen-containing BPs 
(eg, alendronate, zoledronate, risedronate and 
pamidronate) work by inhibiting the enzymes 
within osteoclasts that are involved in the farnesyl 
pyrophosphate synthase and mevalonate path-
ways, which are important for varying aspects of 
osteoclast function and also inducing osteoclast 
apoptosis.7 Although they have poor oral absorp-
tion, BPs have an extremely long half-life; a study 
of pamidronate in paediatric OI found that 2 years 
after cessation of treatment, bone mineral content 
(BMC) z-scores remained above pretreatment 
levels8 and urinary excretion of pamidronate has 
been detected up to 8 years later.9 This has poten-
tial implications for females of reproductive age 
as rodent studies have shown that BPs can cross 
the placenta and accumulate in the fetal skeleton 
causing decreased bone growth and deaths in the 
offspring.10 There is, however, no evidence to 
date that prior BP exposure or even BP exposure 
during pregnancy is associated with reproductive 
toxicity.11
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Osteogenesis imperfecta
BPs were first used in children to treat OI (the most common 
primary disorder of bone fragility) in 1 9812 and are now the 
mainstay of treatment in this condition. The main effect of BPs in 
children with OI appears to be an increase in cortical bone width 
(a growth-dependent process that in turn improves mechanical 
strength) and trabecular number. The primary aim of BP treat-
ment in OI is to reduce fracture frequency. Despite there being 
some evidence from a recent Cochrane review13 that included 14 
studies and 819 participants to show that either oral or cyclical 
intravenous BPs increase BMD in children with OI, the authors 
were unable to demonstrate reliable evidence of improvements 
in overall clinical status (reduced pain, improved growth or 
functional mobility). Also, while several studies independently 
reported a decreased fracture risk, the review could not show 
a consistent reduction in fracture rate after use of either oral or 
intravenous BP. There is growing interest in the use of oral BPs 
in OI, particularly in those with milder phenotypes, as they may 
be more cost-effective and easier to use than intravenous alterna-
tives.14 15 As yet, there does not appear to be sufficient evidence 
to favour oral agents above intravenous BPs in the acute treat-
ment phase or in those with severe OI.16 

Secondary osteoporosis
Although BPs are now used for bone protection in many other 
childhood conditions, much of the justification for their use in 
other chronic diseases has been extrapolated from evidence in 
OI. A systematic review has concluded that there is insufficient 
evidence to recommend BPs as standard therapy for secondary 
osteoporosis in children because the link between increasing 
BMD and reducing fracture risk remains unproven.17 The effi-
cacy of BP therapy on BMD appears to depend on the age at 
time of treatment and the amount of bone growth remaining. 
Generally, they appear to be a safe and effective therapy in cases 
of severe bone loss, although the long-term effect of inhibition 
of bone turnover remains unknown. BPs may also ameliorate 
pain in certain circumstances,18 but further work is needed to 
clarify this.5

BPs in cerebral palsy
CP is a heterogeneous group of non-progressive disorders of 
motor function and posture. Some patients with CP have a signif-
icant reduction in mobility and bone mass quickly diminishes 

without adequate bone loading. By 10 years of age, over 95% 
of those with non-ambulatory severe CP have osteopaenia19 and 
fractures are 20% more likely in those who are non-ambulatory. 
First-line measures should include optimising vitamin D and 
calcium levels and the encouragement of weight-bearing activity. 
Vibration therapies have also been used, although there is only 
limited evidence of their effectiveness. A recent meta-analysis20 
assessing the effect of BPs on increasing BMD in children with 
CP found that the lumbar spine and femoral BMD z-scores were 
significantly higher after BP treatment compared with pretreat-
ment values, but only one randomised controlled trial met the 
inclusion criteria. Furthermore, it remains unclear whether this 
translates to a reduction in fracture incidence, which is important 
when the annual fracture incidence in children with moder-
ate-to-severe CP is 4%.21 In addition, oromotor dysfunction and 
gastro-oesophageal reflux are often present in CP which may 
preclude the use of oral BPs.

BPs in DMD
Long-term GC use has dramatically improved the disease course 
in DMD.22 GC are normally commenced once muscle func-
tion begins to plateau, usually at about 5 years of age and are 

Table 1  Examples of conditions associated with skeletal fragility 
and/or osteoporosis in children

Primary: the result of a specific condition 
(usually genetic in origin) causing 
increased skeletal fragility

Secondary: the result of a medical 
condition or medication used to treat it 
(children with chronic illness often have 
multiple risk factors)

Osteogenesis imperfecta Medications, eg, glucocorticoids used 
in asthma, arthritis, Duchenne muscular 
dystrophy

Idiopathic juvenile osteoporosis Nutritional problems, eg, Crohn's disease, 
anorexia nervosa

Osteoporosis pseudoglioma syndrome Reduced mobility, eg, cerebral palsy and 
neuromuscular conditions

Conditions causing delayed puberty or 
insufficient production of sex hormones

Chronic illness such as thyroid disease, 
leukaemia

GC, glucocorticoids; GH, growth hormone; IGF-1, insulin-like growth factor 1; PTH, 
parathyroid hormone.

Table 2  Drugs that are used in children and their mechanism of 
action

Agents that have been used 
in clinical practice in children 
and may have a beneficial 
effect on bone health

Main mechanisms of action

Vitamin D and calcium Vitamin D regulates calcium and phosphate 
absorption which are the main mineral 
component of bone

Bisphosphonates Reduce osteoclast activity so inhibiting bone 
resorption. Also reduce overall bone turnover as 
resorption is coupled to formation

Sex steroids Oestrogen decreases osteoclast number and 
activity so reducing resorption. Also increases GH 
levels, which is anabolic to bone. Testosterone 
stimulates osteoblastogenesis directly and also 
acts indirectly through aromatisation to oestradiol 
and the anabolic effects of androgens on muscle 
mass

Recombinant human GH and 
IGF-1

GH stimulates osteoblast and preosteoblast 
proliferation directly and also indirectly 
through IGF-1 to increase bone formation. Also 
stimulates osteoclast differentiation, so overall 
increases bone remodelling. May also exert their 
effects through effects on mineral metabolism, 
alterations in glucocorticoid metabolism and 
anabolic effects on muscle mass

New therapies that are not 
in clinical practice in children 
but may have a beneficial 
effect on bone health

Cathepsin K inhibitors Prevents type 1 collagen degradation and reduces 
bone resorption

RANKL inhibitors Prevents osteoclastogenesis and thus reduces 
bone resorption

Sclerostin antibodies Prevents antagonism of Wnt signalling pathway 
by sclerostin, thus promoting osteoblast function 
and bone formation

Recombinant human PTH Stimulates new bone formation when given 
intermittently by increasing osteoblastogenesis 
and osteoblast survival

GC, glucocorticoids; GH, growth hormone; IGF-1, insulin-like growth factor 1; PTH, 
parathyroid hormone; RANKL, receptor activator of nuclear factor-k-B ligand.
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continued through to adulthood. Growth retardation23 and 
fragility fractures are important problems in DMD; it is predicted 
that after 100 months of GC therapy, 75% of boys will sustain 
a vertebral fracture.24 Although BPs are frequently used, there 
is no consensus regarding timing of initiation, drug regimen 
or cessation of treatment. Prophylactic BP in DMD in those 
receiving GC has been reported to be associated with increased 
survival.25 While BPs may be associated with an improvement in 
back pain and some vertebral reshaping, provided that the child 
is still growing, they do not completely prevent the development 
of new vertebral fractures.26 Recent data from transiliac biop-
sies in boys with DMD have also shown that while BPs appear 
to be effective early in GC-induced bone loss, long-term use 
may further dampen remodelling.27 A recent Cochrane review 
concluded that there was no strong evidence to guide the use 
of any therapy to prevent or treat GC-induced osteoporosis in 
boys with DMD.28 Therefore, before considering prophylactic 
BP use, the potential risks must be weighed up against the bene-
fits including consideration of the potential adverse effects of 
BP therapy and a decision made regarding the most appropriate 
time to use them.29

Adverse effects of BP therapy
BPs are generally well tolerated in children,30 but as little is 
known of the long-term consequences of BP treatment, all 
patients should be regularly reviewed, looking in particular for 
evidence of adverse effects. An acute phase response to the initia-
tion of intravenous BP therapy is very common, with short-lived 
fever and flu-like symptoms. Hypophosphataemia and hypocal-
caemia can also occur.31 Delayed bone healing after osteotomy 
in OI has also been described with BP use.32 There are also three 
rare, but potentially serious adverse events that may be related to 
long-term exposure to BPs:
1.	 Osteonecrosis of the jaw:  BP-associated osteonecrosis 

of the jaw (ONJ) is defined as, ‘an area of exposed bone 
in the maxillofacial region that does not heal within 8 
weeks, in a patient who is receiving or has been exposed 
to a BP and has not had radiation therapy to the craniofa-
cial region’.33 ONJ appears to be more common in adults 
using intravenous  BPs,34 and it has not yet been reported 
in a child.35 Most cases have been documented in those  
receiving doses higher than prescribed for osteoporosis (eg, 
for malignancy) and in patients on therapy for >2 years. Ex-
perts have suggested doing any invasive dental procedures 
before starting treatment or suspending therapy for 3 or 
more months before and after such procedures, where possi-
ble,36 although there is no evidence to support these recom-
mendations.

2.	 Atypical femoral fractures: although atypical subtrochanteric 
femur fractures (AFF) are very rare and account for <1% 
of all hip/femoral fractures, they have been predominantly 
reported in patients taking BPs37 and have recently been asso-
ciated with BP use in a child.38 Because BPs act by reducing 
bone turnover, it is possible that by preventing remodelling 
and effectively ‘freezing’ the skeleton, they allow tiny cracks 
to form and stress fractures to develop. AFFs occur at sites 
of high tensional stress, such as the lateral cortex of the 
proximal femoral shaft. It is also thought that those taking 
concomitant GCs in addition to BPs or with a genetic dispo-
sition to fracture may have a further increased risk. A large 
Swedish observational study of femoral fractures in postmen-
opausal women39 showed that fracture rate decreased rapidly 
after drug withdrawal, therefore intermittent use may be 

favourable and a BP ‘holiday’ in children on long-term BPs 
could be considered.

3.	 Iatrogenic osteopetrosis: in 2003, the first case of BP-induced 
osteopetrosis (or marble bone disease) was described in a boy 
aged 12 years who had received pamidronate infusions for 
the previous 3 years for idiopathic bone pain and osteopae-
nia.40 Abnormal oversuppression of bone remodelling (with 
a histological absence of osteoclasts on bone surfaces) was 
still present when he was followed up 7 years after cessation 
of BP.

Vitamin D and calcium
Vitamin D is essential for skeletal health and regulates calcium 
and phosphate absorption.41 Vitamin D deficiency may be asso-
ciated with decreased BMC and increased risk of rickets.42 
Children with chronic diseases are more prone to vitamin D 
deficiency for a variety of reasons including malabsorption, 
limited sunlight exposure, nutritional restrictions and the use of 
medications such as anticonvulsants and GCs, therefore preven-
tion of vitamin D deficiency should be routinely considered in 
those with chronic illnesses. The mean dietary intake of vitamin 
D in children may only be about 100  IU/day43 and therefore 
in the UK, the Scientific Advisory Committee for Nutrition has 
recommended a reference nutrient intake (RNI) of 400 IU/day 
for children.43 This requirement may be even higher in those 
with chronic illnesses.44 Adequate dietary calcium to meet the 
RNI should also be advised and supplementation considered if 
this is unlikely to be reached. There is no clear evidence that 
calcium supplementation in excess of the RNI has additional 
benefits on bone density while there are significant associated 
risks of excessive total calcium intake. Vitamin D and calcium 
levels should be optimised prior to the initiation of BP therapy to 
prevent BP-induced hypocalcaemia and maximise efficacy.

GH and IGF-1
While there is ample evidence that the GH-IGF-1 pathway 
has direct effects on bone mass and strength in experimental 
models,45 the effect of recombinant human GH (rhGH) on bone 
health in children is debatable.46 In addition to a direct effect on 
osteoblast activity, it is possible that the anabolic effects of rhGH 
may also be mediated through an effect on lean mass,47 alter-
ations in PTH sensitivity48 or even modulation of the 11-β-hy-
droxysteroid dehydrogenase shuttle, which is responsible for the 
inactivation of cortisol to cortisone.49 Given that both rhGH 
and rhIGF-1 are licensed for use in children with growth disor-
ders and in light of data from children and adults with chronic 
inflammation, there is potential for these anabolic agents to 
improve growth potential, muscle strength and bone mass in 
many cases of primary and secondary osteoporosis. However, 
before using these pharmacological agents for this purpose, an 
improved understanding of their effects on linear growth and 
bone mass, and the underlying mechanisms through which they 
exert their effects on bone, is imperative.

Recombinant parathyroid hormone
Teriparatide is a form of recombinant human PTH and is 
unique because unlike BPs, it stimulates new bone formation. It 
is approved for use in adults with osteoporosis and over half a 
million adults with severe osteoporosis have received this drug.50 
Furthermore, its anabolic effect on bone has opened up the 
possibility of using it in combination or sequentially with antire-
sorptive agents such BPs.51 However, experimental studies have 
shown that almost half of the rats exposed to the highest doses 
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developed osteosarcoma.52 Despite there being many differences 
which make humans less susceptible than rats,53 this risk is still 
of particular concern to the paediatric and adolescent popula-
tion where osteosarcoma is most prevalent. However, over the 
last decade, there have been increasing reports of the use of 
recombinant PTH for intractable hypocalcaemia associated with 
hypoparathyroidism in children.54

Sex steroids
Growth and pubertal development are often impaired in 
chronic disease and the pubertal process and associated 
GH surge are vital to increase bone size and bone mineral 
accrual. Androgen deficiency is a recognised risk factor for 
osteoporosis and fracture and evidence suggests that early 
initiation of androgen therapy is associated with improved 
BMD in adults.55 However, precocious puberty or treatment 
with high doses of either oestrogen or testosterone can 
paradoxically cause premature fusion of the epiphyses and 
a subsequent reduction in final height.56 Oxandrolone, an 
anabolic steroid that is only weakly androgenic and does not 
aromatise, has been studied in children with severe burns. It 
has been reported to increase bone mass,57 but is often not 
readily available. Physiological oestrogen replacement given 
transdermally (so not to inhibit IGF-1 production) along-
side cyclical progesterone has also been shown to increase 
bone mineral accrual in teenagers with anorexia58 and the 
American College of Sports Medicine recommends that oral 
contraceptives be considered in amenorrhoeic athletes over 
16 years of age if BMD is declining despite sufficient weight 
gain.59

Alternative agents for consideration
Receptor activator of nuclear factor-k-B ligandinhibitors
Denosumab is a monoclonal antibody to the receptor activator 
of nuclear factor-k-B ligand (RANKL), a key mediator of osteo-
clast activity. It is given subcutaneously and targets the RANKL 
(figure 1), thus inhibiting osteoclast-mediated bone resorption 
and increasing BMD. There is extensive data to show its efficacy 
in postmenopausal osteoporosis60 and it has also been used in a 
group of children with OI.61 However, its efficacy and side-ef-
fect profile is not clearly understood in children and there may 
be an increased risk of calcium dysregulation, so further studies 
are warranted.62

Sclerostin antibody
Sclerostin is produced by osteocytes (figure 1) and probably 
acts as antagonist of the Wnt signalling pathway to inhibit 
bone formation, although the exact mechanism remains 
unclear.63 Neutralisation of sclerostin using monoclonal 
antibodies in a mouse model of OI, resulted in improved 
bone mass and reduced long bone fragility64 and early clin-
ical studies in adults have shown similar results.65 Sclerostin 
antibodies have also been used to prevent GC-induced 
trabecular and cortical bone loss in mouse models of GC-in-
duced osteoporosis.66

Cathepsin K inhibitors
Cathepsin K is a cysteine protease that is highly expressed by 
osteoclasts and degrades type 1 collagen67 (figure 1). Cathepsin 
K inhibitors are thought to reduce bone resorption while also 
increasing the number of cells of osteoclast lineage and there-
fore not suppressing bone formation to the same degree as BPs. 
Cathepsin K inhibitors such as odanacatib have shown prom-
ising efficacy data,68 but an increased risk of atrial fibrillation 
and stroke in adult phase III trials has meant that marketing of 
these agents has now been halted.

Conclusion
Alongside consideration of pharmacological approaches to 
maximise bone accrual, optimising nutritional factors and 
encouraging activity, within the constraints of the disease 
process are also important. Timely pubertal assessment 
should be performed in those with chronic disease and 
where appropriate, puberty induced. Optimal management 
includes regular screening to identify those at risk of frac-
ture and then aiming to treat earlier, rather than waiting for 
fragility fractures to occur, particularly in those who have 
little potential for spontaneous recovery.

There is still limited evidence for the use of bone protective 
agents in most childhood conditions and although BPs are 
commonly used, evidence for their efficacy remains limited. 
Most studies are small and only have limited follow-up and 
there is no consensus on the length of BP treatment regi-
mens and dosage in children. Long-term safety needs to be 
assessed by large-scale trials with extended follow-up; the 
rarity of many conditions under study may necessitate inter-
national collaborative efforts. Many studies also use change 

Figure 1  Schematic diagram to show the mechanism of action of bone protective agents. Bisphosphonates (BPs) act at the osteoclast to reduce 
bone resorption. Recombinant parathyroid hormone (PTH), eg, teriparatide promotes bone formation. Sclerostin is secreted by osteocytes; sclerostin 
antibody binds to circulating sclerostin and so enables Wnt signalling of osteoprogenitors and osteoblasts. Receptor activator of nuclear factor-
k-B ligand (RANKL) antibodies (eg, denosumab) target the RANK ligand and prevent bone resorption at the osteoclast. Cathepsin K inhibitors (eg, 
odanacatib) prevent release of enzymes that degrade collagen at the osteoclast.
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in BMD as primary outcome but the extent of correlation 
with this and subsequent fracture rate remain unclear and 
age-appropriate reference ranges are not commonly avail-
able for very young children. As antiresorptives result in 
a low bone-turnover state with an associated reduction in 
bone formation and hence reduced overall bone remod-
elling, it would clearly be advantageous to find safe and 
effective anabolic agents to use in the paediatric popula-
tion, either alone or in combination and this must remain a 
research priority.
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 CURRENT
OPINION Bones and muscular dystrophies: what do

we know?

Claire L. Wooda,b and Volker Strauba

Purpose of review

Muscle and bone are intrinsically linked, and therefore, it is not surprising that many muscular dystrophies
are associated with impaired bone health and increased risk of osteoporosis. Osteoporotic fracture is an
important and preventable cause of morbidity and mortality. This article will firstly review the general
causes of impaired bone health in muscular dystrophies and then focus on the evidence available for the
diagnosis and treatment of osteoporosis in specific conditions.

Recent findings

With the exception of DMD, there is a paucity of data regarding bone health in muscular dystrophies.
However, it appears that in common with all types of muscular dystrophies that cause a significant level of
muscle weakness and disability there is an increased risk of falls, fractures and decreased vitamin D levels.
A better understanding of the extent of the impaired bone health and underlying causes could help to
identify potential new therapeutic agents and aid clinical care.

Summary

It would be prudent for clinicians to assess fracture risk in their muscular dystrophy patients and if
appropriate, arrange surveillance and recommend vitamin D supplementation. Additionally, fracture should
be considered in any patient presenting with new-onset bone pain.

Keywords

muscle–bone interaction, muscular dystrophies, osteoporosis

INTRODUCTION

Muscular dystrophy is the term given to a rare and
highly heterogeneous group of genetic muscle dis-
eases, characterized by progressive skeletal muscle
wasting and weakness from congenital through to
adult-onset. As many muscular dystrophies are
extremely rare, information about bone health in
the individual conditions remains sparse. However,
there are many causes in common across the group.

CAUSES OF IMPAIRED BONE HEALTH IN
MUSCULAR DYSTROPHIES

Bone mineral density (BMD) in adulthood depends
predominantly on growth and mineralization of the
skeleton and the resultant peak bone mass achieved
and then, to a lesser extent, on the subsequent loss.
In healthy individuals, 80% of bone mass is accrued
by 18 years of age [1] and a reduced peak BMD in
childhood has been proposed as one of the strongest
predictors of later life fractures [2]. Healthy bone is
metabolically active and undergoes continuous
remodelling to maintain the balance between bone
formation and bone resorption. If this finely tuned

process is disturbed, then osteoporosis can result.
Osteoporosis is characterized by the depletion of
bone mineral mass, combined with bone microarch-
itecture deterioration, enhanced bone fragility and a
resultant increased fracture risk [3]; a 10% loss of
vertebral bone mass can double the risk of a verte-
bral fracture [4].

Genetic predisposition only accounts for up to
50% of the variance in bone mass. Other important
influences on bone health include lifestyle and
sociodemographic factors (such as alcohol and
tobacco use), nutrient intakes (including vitamin
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D and calcium intake), physical activity and bone
stress, and comorbidities and drug treatments.
Although impaired bone health in muscular dystro-
phies has been recognized for almost 80 years [5], it
is only relatively recently that the importance of
assessment and diagnosis of osteoporosis in these
conditions has been recognized [6]. It is likely that
several co-existing factors are responsible for the
impaired bone health in muscular dystrophies:

The muscle–bone interaction

Bone and muscle are intrinsically linked and the
mechanostat model [7] is a widely accepted theory;
normal bone mineral accrual depends on a regula-
tory circuit sensing the bone deformations that are
produced by muscle contractions to regulate osteo-
cyte activity and modulate bone strength. The mus-
cle weakness and reduced mobility that result from
muscular dystrophies, and in particular those which
are congenital or paediatric-onset, cause reduced
loading forces on the bone, diminished bone growth
and mineral accrual and result in osteopaenic/oste-
oporotic bone and low-trauma fractures, fractures
that result from mechanical forces that would not
ordinarily result in fracture [8,9]. A concise review
has recently been published about the muscle–bone
interaction [10

&

]. In particular, once a patient
becomes nonambulatory, and no dynamic or gravi-
tational bone loading occurs, bone resorption
exceeds bone formation; often termed disuse osteo-
porosis [11]. In support of this, retrospective data
from the the Muscular Dystrophy Surveillance,
Tracking and Research (MDSTAR) network combin-
ing Duchenne muscular dystrophy (DMD) and
Becker muscular dystrophy patients, shows that
full-time wheelchair use increased the risk of first
fracture by 75% for every 3 months of use [12].

The myotendinous junction (MTJ) is also a major
site of force transfer in skeletal muscle. There are two

independent transsarcolemmal linkage systems pres-
ent at the MTJ, the dystrophin–glycoprotein com-
plex and the a7ß1 integrin complex. Therefore, if a
muscular dystrophy involves a mutation encoding
for components of this linkage then MTJ function
will be impaired, further contributing to abnormal
bone loading. Examples include DMD, Becker mus-
culardystrophyand limbgirdlemuscular dystrophies
(LGMD)2I. However, even if two muscular dystro-
phies appear to be phenotypically very similar, for
example, Becker muscular dystrophy and LGMD2I,
they can have very different contractile properties
[13]. Costameres are also important for the conduc-
tion of force during muscle contraction [14]. The
lateral force generated through these is impaired in
a number of muscular dystrophies, therefore directly
reducing bone loading.

Glucocorticoids

Glucocorticoids (GCs) are currently the mainstay of
treatment in DMD and are the only pharmacologi-
cal intervention proven to stabilize muscle strength
for at least a number of years. They are offered before
muscle function starts to decline and overall slow
the progression of disease [15

&&

]. Therefore, by adult-
hood, in addition to the effects of the muscular
dystrophy itself, most patients with DMD have also
been on high-dose GCs for over 10 years.

The combination of progressive myopathy and
osteotoxic GC therapy in DMD contributes to sig-
nificant growth retardation [16] and fragility frac-
tures [17], which can be very challenging to manage.
GC are not widely used in other muscular dystro-
phies, and in fact have been shown to be ineffective
in some, such as dysferlinopathy [18].

Glucocorticoid-induced osteoporosis is associ-
ated with considerable morbidity and even mortal-
ity; a reduction in BMD of up to 40% can occur with
glucocorticoid therapy, and it is estimated that up to
half of those on long-term glucocorticoid therapy
will experience fractures [19]. The use of glucocorti-
coid within the previous 6 months increased the risk
of fracture three-fold and osteoporotic fracture
by almost five-fold compared with nonexposed
patients in a retrospective cohort study of patients
with muscular dystrophies [6]. Data suggests that
the greatest bone loss is experienced in the first year
of treatment [20] and particularly in trabecular bone
[19], but ongoing loss continues with prolonged
treatment [21].

Vitamin D deficiency

Vitamin D is essential for skeletal health and
regulates calcium absorption, and may also have

KEY POINTS

� Bone health and fracture risk should be assessed and
vitamin D supplementation recommended in all patients
with muscular dystrophy.

� With the exception of DMD, there is a paucity of data
regarding bone health in muscular dystrophies.

� There is limited evidence for the use of any
interventions to prevent or treat osteoporosis in
this cohort.

� Consider fracture in any patient presenting with new-
onset bone pain.
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an additional role in muscle strength [22]. Low
vitamin D levels in patients with muscular dystro-
phies are likely to be multifactorial and may result
from reduced sunlight exposure (especially in non-
ambulant patients), reduced oral motor function
[23] and obesity. Vitamin D absorption is also
reduced by glucocorticoid use, and so it is, recom-
mended that vitamin D levels are checked routinely
in DMD before commencing glucocorticoid and
annually thereafter (Table 1; [24]). Adequate dietary
calcium to meet the reference nutrient intake
should also be advised and supplementation con-
sidered if this is unlikely to be reached [25].

Instability and fall risk

Postural abnormalities are found in almost all
patients with muscular dystrophies and the abnor-
mal vertebral load further contributes to an abnor-
mality of bone loading; the resulting impairment of
balance further increases fracture risk. Muscle insta-
bility also plays an indirect role in bone health, via
an increased fall risk. For example, it has been shown
that people with myotonic dystrophy fall 10 times

more frequently than their healthy counterparts
[26].

Effects of chronic disease and inflammation

The inflammatory process and cytokine release asso-
ciated with muscular dystrophies may also contrib-
ute further to low bone density, as is demonstrated
in other chronic diseases [27]. In particular in DMD,
the activation of the NF-KB pathway may also cause
altered muscle metabolism and activation of osteo-
clastogenesis [28].

Pubertal delay and hypogonadism

Testosterone acts via its conversion to 5-alpha dihy-
drotestosterone or oestradiol to enhance osteoblast
differentiation and action and reduce osteoclast
activity. Puberty is a crucial time for bone mineral
accrual and pubertal timing is an important deter-
minant of peak bone mass. Puberty is often delayed
in many childhood chronic conditions and is
almost universally delayed or absent in glucocorti-
coid-treated DMD [16,29]. Over half of patients were

Table 1. Evidence for bone involvement and published data on bone health in muscular dystrophies

Disease
Primary bone
involvement

Specific secondary risk
factors for bone involvement DXA data

Guidelines for monitoring
bone health

DMD Impaired osteoblast
function [33,48]

Activation of NFKB
pathway and
increased
osteoclastogenesis

Glucocorticoid use
Delayed puberty
Inflammation and cytokine

release

Many studies, including: LS
BMD decreased
compared with controls,
further decreased when
nonambulatory [39]

GC dose and motor
function correlated with
BMD [49]

LS BMD greater in BP-
treated cohort of patients
[50]

At each clinic visit [40&&]: ask
about back pain/fractures

At initial visit (with follow-up as
required): serum calcium,
phosphate, magnesium,
alkaline phosphatase,
parathyroid hormone

Annually: calcium/vitamin D
intake and vitamin D level

Spine BMD by DXA
Lateral thoracolumbar spine X-ray

(1–2 yearly on GC, 2–3 yearly
if not)

Do lumbar spine X-ray if back
pain or at least 0.5 SD decline
in LS BMD z-score/12m)

FSHD Not known Increased incidence of vitamin
D insufficiency

BMD not uniformly reduced
but moderately
correlated with strength
and function [42&]

No published guidelines

LGMD Not known Increased fall risk
Greater than expected levels of

vitamin D insufficiency [43]

None found No information re monitoring
bone health in guidelines [44]

Myotonic
dystrophy

Not known Testicular atrophy and
hypogonadism

Instability causing increased
falls and fracture risk

Increased incidence of
vitamin D insufficiency

BMD comparable with
control population [47&]

No information regarding bone
health in guidelines [51]

DMD, Duchenne muscular dystrophy; FSHD, facioscapulohumeral muscular dystrophy; LGMD, limb girdle muscular dystrophies.
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found to have low testosterone levels when total and
free serum levels were measured in 59 men with
different dystrophinopathies [30].

Genetic defects associated with both muscle
function and bone activity

It is possible that in certain neuromuscular condi-
tions, the genetic defect may also have additional
deleterious effects on bone health, or interact with
other markers of osteoporosis [31], but this has not
been studied in detail. For example, in spinal mus-
cular atrophy, an interaction between osteoclast-
stimulating factor (OSF) and survival motor neuron
(SMN) protein may occur, thus causing an addi-
tional increase in bone resorption [32]. Studies of
the dystrophin deficient mouse model for DMD
(mdx) have also suggested a reduced bone mass
and strength and higher osteoclast number and
bone resorption rate, independent of glucocorticoid
use [33–35]. These findings have been demon-
strated prior to the onset of significant muscle weak-
ness in young mice, therefore suggesting an intrinsic
bone abnormality in addition to the reduced bone
loading.

Whilst the above factors are likely to be com-
mon to most of the muscular dystrophies, the next
section highlights the disease-specific evidence and
guidance available on bone health.

Becker muscular dystrophy

Becker muscular dystrophy is caused by a reduction,
rather than complete absence of dystrophin expres-
sion, thus resulting in a less severe phenotype
compared with DMD. There is limited evidence
regarding the increased fracture risk in Becker mus-
cular dystrophy, but it follows that as disease pro-
gression occurs and muscle weakness worsens,
osteopaenia/osteoporosis may occur [12].

Congenital muscular dystrophies

There does not appear to be any published data
regarding bone health in congenital muscular dys-
trophies, probably because of the heterogeneity and
rarity of the individual conditions. These individu-
als are at high risk of osteoporosis; however, because
of the chronicity and severity of the muscle weak-
ness and resultant effects on bone accrual.

Duchenne muscular dystrophy

DMD is the most common and best characterized
form of muscular dystrophy and affects 1 in 4000
live male births [36]. As quality of life and survival
rates continue to improve, bone health has become
an increasingly important issue [37]. The presence of

fractures in the DMD population and the risk factors
for osteoporosis have been well documented
[17,38,39] and the recently updated standards of
care for DMD include comprehensive information
for the monitoring of bone health (Table 1) [40

&&

].
Bone pain and fractures (long bone and vertebral)
are common and can occur after minimal or no
trauma. It has been predicted that by 100 months
of high-dose daily glucocorticoid therapy as many as
75% will have at least one vertebral fracture [41].
Loss of ambulation occurs in up to half after their
first fracture.

Facioscapulohumeral muscular dystrophy

A recent cross-sectional study of 94 adults from two
sites aimed to determine whether BMD is reduced in
individuals with facioscapulohumeral muscular dys-
trophy (FSHD) and whether or not BMD and frac-
tures correlate with muscle strength or function
[42

&

]. They found that 30% had insufficient vitamin
D levels, with reduced levels from the US cohort
compared with Australia, possibly explained by
latitude. The disease severity score, BMD, muscle
strength and functionality were not uniformly
reduced and were all highly variable, but whole-
body and regional BMD were found to be moder-
ately correlated with strength and function. Their
conclusion was that effective treatment plans must
be tailored based on individual BMD and strength to
prevent fractures and promote optimal bone health.

Limb girdle muscular dystrophies

LGMDs are a genetically heterogeneous group of
diseases characterized by muscle weakness and wast-
ing in the arms and legs. A recent cross-sectional
survey endeavoured to determine the risk factors for
osteoporosis, falls and fractures in various muscle
conditions, including LGMD. The data suggested an
increased risk of falls in LGMD patients and osteo-
porosis in nonambulatory patients with myopathies
and increased prevalence of vitamin D insufficiency
with decreased levels in 55% of patients with LGMD.
However, the authors stated that, ‘Their conclusions
were limited by the low number of participants with
different myopathies, cross-sectional design and
retrospective nature and that larger, multicentre
study of patients with limb girdle muscular dystro-
phies seems to be warranted’ [43]. The recently
published guidelines do not provide any evidence
regarding monitoring for osteoporosis with bone-
density testing. [44]

Myotonic dystrophy

Myotonic dystrophy type 1 (DM1) is the most com-
mon adult-onset muscular dystrophy, whereas type
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2 (DM2) is rarer and tends to have a milder pheno-
type with later onset of symptoms. Severe cases of
DM1 may also present in childhood and congenital
forms can occur. Approximately 80% of patients
with myotonic dystrophy will develop primary
hypogonadism, which often occurs later in adult-
hood and is frequently associated with low testos-
terone levels [45]. Although hypogonadism is
usually associated with low BMD, a study of 32
myotonic dystrophy patients found lower vitamin
D levels compared with the control group but com-
parable BMD scores when measured using dual
energy X-ray absorptiometry (DXA) of the femoral
neck [46]. There appears to be an increased fracture
risk in DM1 patients regardless of BMD, because of
the higher fall rate compared with some other mus-
cular dystrophies [6]. A web-based survey of 573
adults with DM1 [47

&

] found they had a 2.3 times
increased risk of falling compared with a healthy
adult over 65 years of age, although like any volun-
tary, questionnaire-based study, this will be subject
to significant recall bias. Seventeen percent had
sustained a fracture in the previous 12 months, with
the ankle and foot accounting for the majority of
fractures, but there was no data available regarding
bone density.

INVESTIGATIONS INTO BONE HEALTH

When reviewing patients with muscular dystro-
phies, consideration should be given to their bone
health and where available, guidelines followed to
further assess their risk of osteoporosis. In the rarer
dystrophies, where there are no clinical guidelines
available, assessment of individual risk factors
should be used to determine which, if any of the
below investigations are performed, either as screen-
ing tools or as a response to bone pain or reduced
function.

Fracture incidence

Fracture is the most clinically relevant endpoint
when assessing bone health. Fractures are an impor-
tant cause of morbidity and reduction in quality of
life. Some can occur after minimal trauma, or even
just on handling. Death because of fat embolism
after long-bone fracture has also been reported in
DMD [52]. The pathogenesis of fragility fracture is
multifactorial. Assessment of fracture risk depends
not only on BMD but also on several other factors
including bone remodelling, morphology and archi-
tecture and muscle function and balance. Using
fracture incidence as a proxy for bone health has
important limitations. Firstly, the fracture pattern in
muscular dystrophies is likely to differ from the

healthy population. For example, lower participa-
tion in sports activities will lead to fewer upper
extremity fractures. Falls also contribute to an
increased risk of lower extremity fracture and par-
ticularly femoral fracture, which are otherwise rare
in the young population. It is likely that vertebral
fractures in DMD are under-diagnosed and any
acute back pain or focal tenderness as well as sudden
deterioration in mobility should warrant further
investigation. Vertebral fractures usually cause
change in the shape of the vertebrae and scoring
systems such as the Genant semi-quantitative
method [53] can be useful to determine the severity
of vertebral fractures. In this method, fracture sever-
ity is assessed solely by determining the extent of
vertebral height reduction and morphological
change; type of deformity (such as wedge or com-
pression) is not used to determine fracture grade.

Dual energy X-ray absorptiometry

Current standards of care recommend assessment of
spinal BMD by DXA on an annual basis in DMD.
Evidence for its use is less clear in the other muscular
dystrophies (Table 1). The exact correlation between
BMD and fracture risk remains unclear, although it
probably remains the best clinically available proxy
for fracture risk. Models like the Fracture Risk Assess-
ment Tool (FRAX) can be useful in combination
with DXA to predict fracture risk in adults [54],
but this cannot be used in children. Furthermore,
interpretation of DXA results in DMD patients can
be technically challenging because of their small
size, body composition and the possibility of con-
tractures and spinal instrumentation. Appropriate
software to enable size adjustment and longitudinal
readings for the patients are essential for accurate
interpretation of risk. Vertebral fractures can also
cause spuriously high BMD readings because a given
bone volume has effectively been compressed into a
smaller area.

Bone turnover markers

Bone turnover markers can be useful in addition to
BMD to estimate fracture risk and to determine
response to therapy and treatment adherence, but
have limited use in children because of variations in
normal range. Markers of bone formation include
bone-specific alkaline phosphatase, osteocalcin
(which is the most abundant noncollagenous pro-
tein in the extracellular matrix) and P1NP (a propep-
tide of type 1 collagen). The most frequently used
markers of resorption are C-telopeptide (CTX) and
N-telopeptide (NTX), which are released from the
C-terminal and N-terminal ends of type 1 collagen,

Bones and muscular dystrophies Wood and Straub
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respectively. CTX is recommended by the National
Osteoporosis Foundation as the reference marker of
bone resorption [55]. Many bone turnover markers,
however, are not readily available in clinical prac-
tice, thus limiting their use.

Spinal X-ray

The new standards of care in DMD place an increased
emphasis on the use of spinal X-ray as a surveillance
tool to try and improve detection of vertebral fracture
(Table 1). Newer methods of vertebral fracture assess-
ment are also being developed, including the use
of lateral DXA images [56], which may reduce the
necessity for spinal X-rays in the future.

Other imaging modalities

Peripheral quantitative computed tomography, MRI
and ultrasound have currently only been used in the
research setting when investigating bone health in
muscular dystrophies. A novel study using ultra-
sound to comparing muscle and bone parameters
in DMD, Becker, LGMD and FSHD found that Becker
and DMD patients had significantly lower bone
health scores [57]. There were no observed differ-
ences in LGMD and FSHD, but the authors felt that
this may be because of sample sizes or limitations of
ultrasound as a measurement technique because it
cannot provide absolute measure of BMD, bone
mineral content, or bone geometry or distinguish
between cortical and trabecular bone. These limita-
tions preclude its clinical use.

POTENTIAL TREATMENT STRATEGIES

There are very limited treatment strategies currently
available for the treatment of osteoporosis associ-
ated with muscle diseases. The impaired osteoblast
function described in both the mdx mouse and
patients with DMD suggest that an anabolic bone
treatment would be optimal, but there are no cur-
rent options clinically available. A recent Cochrane
review [58

&&

] concluded that, ‘We know of no evi-
dence from high-quality randomised controlled tri-
als (RCTs) about the efficacy of interventions to
prevent or treat corticosteroid-induced osteoporosis
and prevent osteoporotic fragility fractures in DMD
in children and adults.’

The next section focuses on some of the thera-
pies that are currently in use, with examples
highlighting their use in DMD.

Bisphosphonates

There is limited evidence for the use of bisphosph-
onates in DMD and their use varies by centre; some

advocate prophylactic bisphosphonate use whereas
in other institutions, they are reserved for the treat-
ment of fractures and there is no consensus regard-
ing timing of initiation, drug regimen or cessation
of treatment. The efficacy of BP therapy on BMD
appears to depend on the age at time of treatment
and the amount of bone growth remaining [59].
Generally, they appear to be a well tolerated and
effective therapy in cases of severe bone loss,
although the long-term effect of inhibition of bone
turnover remains unknown [60–62].

Prophylactic bisphosphonates in DMD in those
receiving Glucocorticoid has been reported to be
associated with increased survival [63] but evidence
from this study should be interpreted with caution
as it was a retrospective review of only 16 patients,
12 of whom were on intravenous bisphosphonates.
Although bisphosphonates are frequently used to
treat osteoporosis in DMD, they do not primarily
affect osteoblast function and their use does not
prevent the development of new vertebral fractures
[64]. Sbrocchi et al. [65] found that using intrave-
nous bisphosphonate therapy to treat vertebral frac-
tures in DMD was associated with an improvement
in back pain and stabilization/improvement in ver-
tebral height ratios of previous vertebral fractures,
but that it did not completely prevent the develop-
ment of new vertebral fractures. A retrospective
review of patients treated with risedronate for a
mean of 3.6 years showed significantly less vertebral
fractures in the treated cohort compared with a
control group [50]. The lumbar spine (age and size
adjusted) BMD z-scores also remained unchanged in
treated patients, and were significantly greater than
in the untreated cohort [50]. Recent work utilizing
trans-iliac biopsy samples, however, suggests that
caution needs to be taken before prophylactic
bisphosphonates are used, particularly in a condi-
tion such as DMD, where there are additional risk
factors for ongoing bone turnover suppression
including myopathy and GCs [48]. They found that
bone turnover was already low before the initiation
of bisphosphonates and then as expected, the anti-
resorptive bisphosphonate treatment decreased
bone formation indices further. An unexpected drop
in trabecular bone volume, however, was also noted
and unlike in osteogenesis imperfecta, no structural
improvements were seen.

In view of the risk of fracture in children with
DMD and the impact of fracture on health and long-
term mobility, prophylactic use of bisphosphonates
may, therefore, be beneficial [65–67] but the
method of administration and when to start, stop
or pause treatment remains unclear [68]. It is likely
that bisphosphonates are effective in the initial
period of glucocorticoid-induced bone loss when
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there is increased bone remodelling but become
less responsive as osteoclast function reduces with
prolonged treatment and bone remodelling ceases.
After this time, bisphosphonates may further
dampen bone remodelling and instead compromise
skeletal quality, predisposing to fracture.

Parathyroid hormone

High levels of parathyroid hormone (PTH) stimulate
osteoclastic bone resorption but intermittent low-
dose PTH can stimulate osteoblast function by
increasing PGE2 and TGF-b release from bone [69].
This could, therefore, be a useful anabolic agent to
counteract the adverse effects of GCs in osteoblasts.
However, recombinant parathyroid hormone treat-
ment using teriparatide requires daily subcutaneous
injections and is currently contraindicated in chil-
dren with a ‘black box’ warning, limiting its use to 2-
year duration in adults [70] because of the risk
of osteosarcoma.

Testosterone

The use of testosterone therapy in DMD has recently
been reviewed [29] and it appears to be well tolerated
in adolescents with DMD but our evaluation of
practice found that neither growth nor pubertal
developmental were optimal and few patients had
adult endogenous testosterone levels posttreat-
ment. There remains much variability in clinical
practice regarding whether oral, topical or intramus-
cular preparations are used, and the age at initiation
and duration of treatment vary greatly by centre.
The importance of testosterone in the maintenance
of muscle mass as well as bone density is critical, and
testosterone supplementation should be considered
when hypogonadism is present in adults with
muscular dystrophies.

Vitamin D and calcium

There are multiple risk factors and evidence for
vitamin D deficiency in this population as discussed
above and so vitamin D supplementation should
routinely be recommended to all patients with a
muscular dystrophy. Whilst an adequate dietary
calcium is required to satisfy reference intake levels,
there is no evidence in the DMD population to
indicate that additional calcium will have a benefi-
cial impact on bone health. Patients with DMD are
at risk of hypercalciuria and additional calcium may
simply increase susceptibility to nephrocalcinosis
[71].

CONCLUSION

With the exception of DMD, there is a paucity of
data regarding bone health in muscular dystrophies.
A better understanding of the extent of the impaired
bone health and underlying causes could help to
identify potential new therapeutic agents and aid
clinical care. However, it appears that in common
with all types of muscular dystrophies that cause a
significant level of muscle weakness and disability,
there is an increased risk of falls, fractures and
decreased vitamin D levels. It would, therefore, be
prudent for clinicians to assess fracture risk in their
muscular dystrophy patients and if appropriately
arrange surveillance and recommend vitamin D
supplementation. Additionally, fracture should be
considered in any patient presenting with new-
onset bone pain.
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Duchenne muscular dystrophy (DMD) is a progressive 
and life-limiting X-linked recessive disorder caused 
by mutations in the DMD gene that result in reduced 
or absent dystrophin production. Dystrophin is part 
of the dystrophin–glycoprotein complex, which 
acts as a scaffold between the actin cytoskeleton 
and the extracellular matrix and, as such, maintains 
muscle fibre integrity. Absence of dystrophin causes 
progressive and irreversible tissue damage, resulting 
in muscle fibrosis and fatty replacement. Despite DMD 
being the focus of intensive research for decades, there 
is still no cure for the approximately 250 000 people 
with this disorder worldwide.

Ataluren has been marketed under the trade name 
Translarna by PTC Therapeutics (South Plainfield, 
NJ, USA). The drug allows ribosomal readthrough of 
premature stop codons, thus enabling production of 
functional dystrophin that might ameliorate disease 
progression.1 Roughly 10–15% of patients with DMD 
have an underlying nonsense mutation in the DMD 
gene2 and so could potentially benefit from treatment 
with ataluren.

In The Lancet, Craig McDonald and colleagues3 present 
the results of a phase 3, multicentre, randomised, 
double-blind, placebo-controlled trial (ACT DMD) that 
assessed the ability of ataluren to stabilise ambulation, 
with a focus on a prespecified subgroup of patients 
with ambulatory decline. The primary endpoint of 
change in 6-min walk distance (6MWD) from baseline 
to week 48, with a hypothesis of a difference of at least 
30 m between ataluren-treated and placebo-treated 
patients, did not differ significantly between groups in 
the intention-to-treat population (difference 13·0 m 
[SE 10·4], 95% CI –7·4 to 33·4; p=0·213). However, a 
benefit of ataluren was observed in the subgroup of 
patients with a baseline 6MWD of 300 m or more to 
less than 400 m (difference vs placebo 42·9 m [SE 15·9], 
95% CI 11·8–74·0; p=0·007).

ACT DMD is a follow-on trial4 and was driven by 
the need to provide confirmatory efficacy data before 
full marketing authorisation of ataluren. In 2016, 
the European Medicines Agency gave conditional 
approval for the drug to be used and, once data 
demonstrating its ability to stabilise ambulation 
were obtained, the National Institute for Health and 

Care Excellence (NICE) agreed reimbursement within 
a managed access agreement for the treatment of 
ambulant patients with DMD aged 5 years or older.5 
Ataluren has not had a smooth passage through to 
marketing authorisation, with the initial extension of 
the phase 2b study halted by the data safety monitoring 
board because of poor efficacy before subgroup analysis 
(NCT00847379). The clinical trial in non-ambulatory 
patients was likewise terminated prematurely 
(NCT01009294).

The present trial highlights the potential difficulties 
that can arise when selecting a primary outcome in 
clinical studies. The 6MWD is regarded as one of the gold-
standard outcome measures in DMD trials, but there are 
several limitations to its use. McDonald and colleagues 
explain that the 6MWD is effort dependent and hence 
has restricted sensitivity in patients with higher baseline 
function, and shows substantial interpatient variability 
in patients with lower baseline function.3,6 A difference 
of 30 m in the 6MWD has been suggested to be clinically 
meaningful.7 In McDonald and colleagues’ trial, a change 
of only 13 m favouring ataluren was recorded overall, 
but a much larger change of 43 m was recorded in the 
prespecified subgroup of patients with a baseline 6MWD 
of 300 m or more to less than 400 m—ie, those already 
in the decline phase of the disease.3 Interventions that 
have a beneficial effect before the decline phase of 
DMD are desirable, but the 6MWD does not seem to be 
an optimal primary outcome measure in this group of 
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patients. Alternative objective and non-invasive markers 
are needed, and research into the use of muscle MRI and 
other biomarkers is ongoing.8–10

The ACT DMD study is an excellent example of the 
extensive international, multicentre, collaborative 
approach that is essential given the rare nature of DMD. 
The study also relies on core sets of outcome measures 
and adheres to international care standards.8 However, 
at best, the results show the acceptable short-term 
safety profile of ataluren and evidence of efficacy in a 
small subset of patients with DMD. Further research is 
needed, and indeed is already underway, to establish 
the longer-term safety profile and efficacy of this drug 
(NCT02090959). In the meantime, it is perhaps a 
reflection of the paucity of treatments for one of the 
most common fatal genetic diseases diagnosed in 
childhood that NICE have agreed to fund a drug that 
costs in excess of £200 000 per patient per year on the 
basis of secondary trial outcomes.

A wide variety of different therapeutic approaches are 
being trialled in patients with DMD, several of which are 
mutation specific. These approaches include the use of 
compounds facilitating the upregulation of dystrophin 
analogues (NCT02858362); exon-skipping techniques 
with antisense oligonucleotides to convert an out-
of-frame mutation into an in-frame mutation, thus 
allowing partial dystrophin expression;11 and the use of 
selective steroid receptor modulators (NCT02760264). 
In the meantime, ACT DMD and the use of ataluren 
provide a glimmer of hope for the 15% of patients with a 
nonsense mutation and are the first small steps towards 
effective treatment of this patient population, hopefully 
with more to follow.
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