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Abstract  33 

Bisphosphonates prevent bone loss in glucocorticoid (GC)-treated boys with Duchenne muscular dystrophy 34 

(DMD) and is recommended as standard of care. Targeting receptor activator of nuclear factor kappa-B ligand 35 

(RANKL) may have advantages in DMD by ameliorating dystrophic skeletal muscle function in addition to their 36 

bone anti-resorptive properties. However, the potential effects of anti-RANKL treatment upon discontinuation in 37 

GC-induced animal models of DMD are unknown and need further investigation prior to exploration in the clinical 38 

research setting.  In the first study, the effects of anti-RANKL and deflazacort (DFZ) on dystrophic skeletal muscle 39 

function and bone microstructure were assessed in mdx mice treated with DFZ or anti-RANKL, or both for 8 40 

weeks.  Anti-RANKL and DFZ improved grip force performance of mdx mice but an additive effect was not 41 

noted.  However, anti-RANKL but not DFZ, improved ex vivo contractile properties of dystrophic muscles.  This 42 

functional improvement was associated with a reduction in muscle damage and fibrosis, and inflammatory cell 43 

number. Anti-RANKL treatment, with or without DFZ, also improved trabecular bone structure of mdx mice.  In 44 

a second study, intravenous zoledronate (Zol) administration (1 or 2 doses) following 2-months of discontinuation 45 

of anti-RANKL treatment was mostly required to record an improvement in bone microarchitecture and 46 

biomechanical properties in DFZ treated mdx mice.  In conclusion, the ability of anti-RANKL therapy to restore 47 

muscle function has profound implications for DMD patients as it offers the possibility of improving skeletal 48 

muscle function without the steroid related skeletal side effects. 49 

Key words 50 

Anti-RANKL; glucocorticoid; bone loss; muscle dysfunction; Duchenne muscular dystrophy; bisphosphonates.   51 

  52 
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Introduction 53 

Duchenne muscular dystrophy (DMD) is a rare X-linked recessive degenerative muscle condition affecting 1 in 54 

4000 male live births and caused by mutations in the dystrophin-encoding DMD gene [1, 2].  It is often diagnosed 55 

in early childhood (around 4 years of age) and without treatment, boys at about 10-11 years-of-age lose the ability 56 

to walk.  By their mid-teens, affected boys without treatment develop severe scoliosis, respiratory and cardiac 57 

failure and the mean age of death without treatment is 19 years-of-age [3]. Whilst there is no curative therapy, the 58 

current standard of care includes the use of glucocorticoids (GC) to slow muscle wasting thereby prolonging age 59 

at loss of ambulation by about 2-3 years [2, 4].  GC treatment has also been shown to be beneficial for respiratory, 60 

cardiac status, and upper limb function in these boys [5]. 61 

Long term use of GCs is however associated with significant side effects in particular bone morbidity leading to 62 

osteoporotic fractures [6].  GCs promote osteoclast formation and activity by increasing receptor activator of 63 

nuclear factor kappa-B ligand (RANKL) production by osteoblasts and osteocytes and down-regulating its soluble 64 

decoy receptor osteoprotegerin (OPG) [7]. This skews the RANKL:OPG ratio towards osteoclastogenesis [8-10].  65 

In addition, despite the use of GC therapy, muscle function inevitably deteriorates and the majority of patients 66 

become non-ambulant by early adolescence. As much of the mechanical stimuli detected by osteocytes originates 67 

from muscle contraction forces, muscle wasting leads to the loss of cross-talk between muscle and bone [11].  68 

This cross-talk is essential for the structural maintenance of bones [12]. Therefore, DMD is a model of a persistent, 69 

irreversible, and progressively worsening threat to bone health-driven largely by the use of GC but compounded 70 

by the dystrophic muscle process [13]. 71 

Anti-resorptive medications such as bisphosphonates, which inhibit osteoclast activity, are in accordance with 72 

current international standards of care considered a first-line treatment to prevent further bone loss in DMD 73 

following identification of fractures [14]. This is administered by intravenous infusions and side effects especially 74 

following first infusion are common include fever, muscle aches, nausea and vomiting, which can be clinically 75 

significant on the background of adrenal insufficiency in the context of long term use of GC in this population. 76 

Rarer side effects in DMD include rhabdomyolysis have been reported [14]. Therefore, alternative bone protective 77 

medicines are required that are effective, easily administered, and have minimal side effects.  78 

Denosumab is a biological anti-resorptive therapy that binds to RANKL inhibiting the formation, function, and 79 

survival of osteoclasts [15].   The potential benefit of denosumab over bisphosphonates in the treatment of GC-80 

induced osteoporosis (GIO) was demonstrated in adults receiving long-term GCs who were switched from oral 81 

bisphosphonates to denosumab [16].  After treatment for 12 months, there was a greater increase in bone mineral 82 

density and improved suppression of bone turnover [16].  In addition to its anti-resorptive role, evidence is now 83 

accumulating that the RANKL/RANK/OPG pathway can also influence muscle function by modulating pro-inf 84 

lammatory genes via the transcription factor, nuclear factor-kappa B (NF-κB) [17].  Specifically, both RANK and 85 

RANKL protein levels are increased in the microenvironment of dystrophic myofibres and mice with a muscle-86 

specific RANK deletion or dystrophic mice treated with OPG or anti-RANKL all presented with an improved 87 

skeletal muscle function [9, 18, 19].   Also, human intervention studies have reported that in contrast to 88 

bisphosphonates, 3-years of denosumab treatment improves the lean mass and handgrip strength of osteoporotic 89 

women [20].  This compound has not been tested widely in DMD patients although there are two published case 90 
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report of the use of denosumab in an adolescent and adults with DMD [21, 22]. Denosumab holds promise in not 91 

only improving skeletal health but potentially also improving muscle outcome however its effect has not yet been 92 

characterised in a DMD mouse model challenged by GC.  93 

In postmenopausal osteoporosis, characterised by high bone turnover with increased bone resorption, a single 94 

dose of intravenous bisphosphonate is clinically recommended to mitigate the rapid bone loss and increased risk 95 

of vertebral fractures upon discontinuation of denosumab [23, 24]. This is because unlike bisphosphonates, 96 

denosumab is not incorporated into the bone matrix and therefore, the denosumab effect on bone resorption halts 97 

after treatment discontinuation [25, 26].  Importantly, there are no pre-clinical or clinical data of this strategy in 98 

juvenile animals/growing children or in low bone turnover osteoporosis which is characteristic of patients with 99 

DMD, treated with GC.  100 

In this study of dystrophic mdx mice, the primary aim was to determine if anti-RANKL treatment improved 101 

skeletal muscle function and prevented steroid-induced bone loss. We also aimed to establish whether 102 

administration of repeated doses of intravenous bisphosphonate following discontinuation of anti-RANKL 103 

in mdx mice treated with GCs lead to the stabilisation of bone mass.  The ability for one drug to prevent bone loss 104 

and impact on skeletal muscle outcomes in boys with DMD treated with GC could lead to a step-change in their 105 

clinical management.   106 

Methods 107 

Animals  108 

All animal experiments were approved by the Université Laval Research Center Animal Care and Use Committee 109 

based on The Canadian Council on Animal Care guidelines. Male wild type (WT) (C57BL/6J) and mdx 110 

(C57BL/10ScSn-Dmdmdx/J) mice were initially purchased from the Jackson Laboratory (Bar Harbor, Maine, 111 

ME) and were bred in a specific-pathogen-free animal facility. The mice were housed under a 12:12-h light/dark 112 

cycle with food ad libitum.  113 

Study 1: The effect of anti-RANKL treatment on muscle pathology and bone structure of mdx mice 114 

Five-week old mdx mice were divided into 4 treatment groups with each containing 5-8 mice (Fig. 1A).  115 

Group I: anti-mouse RANKL mAbs (IK22-5) [4 mg/kg] every 3-days [27] 116 

Group II: combination of anti-RANKL [4 mg/kg]  and DFZ [1.2mg/kg/day].   117 

Group III: deflazacort (DFZ) [1.2mg/kg/day] in drinking water with IgG [4 mg/kg] injections 118 

Group IV: control IgG [4 mg/kg] every 3-days 119 

A 5th group of WT mice (Group V) received control IgG [4 mg/kg] every 3-days.  120 

Water intake was measured in all experimental groups (mean = 3 mL/day per mouse). The mice were weighed 121 

twice weekly to determine the appropriate drug dose and to monitor growth. At the end of the experimental 122 

procedures (8-weeks), the mice were administrated buprenorphine for analgesia [i.p. 0.1 mg/kg], and sodium 123 

pentobarbital for anesthesia then the extensor digitorum longus (EDL) muscle from the left hind limbs were 124 
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removed to assess their contractile properties and the anesthetized mice were euthanized by cervical dislocation. 125 

The EDL muscles from the right hind limbs were also dissected, snap frozen and stored at –80 C for 126 

immunofluorescence staining.  For skeletal analysis, the left tibia and L6 vertebra were dissected and stored at –127 

20°C for micro-computed tomography (μCT) and biomechanical testing. 128 

Grip force test 129 

The whole limb grip force test was performed on mice before and after 4 or 8 weeks of treatment. Each mouse 130 

was held by its tail and grasped horizontally with its four paws placed on the metal grid attached to a digital force 131 

meter (Columbus Instruments). The highest force produced during pulling was recorded.  The grip force test was 132 

repeated three times with at least a 1-min rest between measurements. Maximum grip force was normalised to 133 

body mass [28]. 134 

Assessment of skeletal muscle contractile properties 135 

After dissection, the EDL muscle was attached to an electrode and a force sensor (305B-LR dual-mode, Aurora 136 

Scientific Inc.) controlled by Dynamic Muscle Control Analysis unit and data acquisition software (Aurora 137 

Scientific Inc.). The EDL muscle was incubated at 25°C in oxygenated Krebs-Ringer solution with [2 mg/mL] of 138 

added glucose. Once the optimal length (L0) had been determined, the muscle was stimulated for 500 ms at 1, 10, 139 

20, 35, 50, 80, 100, 120 and 150 Hz to induce sub-tetanic and tetanic contractions and to determine the force-140 

frequency curves. Twitch force (Pt, g) and maximal absolute force (P0, g) values were recorded and analyzed 141 

using Dynamic Muscle Data Analysis software (Aurora Scientific Inc.). Maximum specific tetanic tension sP0 142 

(N/cm2) values were obtained by normalising the absolute force P0 with the cross-sectional area (CSA) using the 143 

following equation: sP0 = P0/CSA. CSA was determined by dividing the muscle mass by the product of the 144 

optimum fiber length (Lf) corresponding to the result of multiplying L0 with the fiber length ratio (0.44 for EDL 145 

muscle) and the muscle density (1.06 mg/mm3). 146 

Immunofluorescence staining  147 

Transverse EDL muscle cryo-sections (10 µm) were cut using a refrigerated (–20°C) cryostat (Leica 148 

Microsystems CM1850). Tissue sections were stained with hematoxylin and eosin to assess muscle damage. 149 

Masson’s trichrome staining was used to access collagen infiltration. The damaged area was defined as the area 150 

not occupied by normal or regenerating muscle fibers with the presence of infiltrating cells. Digital photographs 151 

were acquired from at least five different sections at 400x magnification and were examined with an inverted 152 

microscope (Nikon). Data are expressed as the percentage of damaged and fibrotic areas with respect to the total 153 

area using ImageJ (software version 1.41). In other preparations for double-labeling, the sections were washed for 154 

5 min with phosphate buffered saline (PBS), fixed for 10 min with 4% paraformaldehyde (PFA) and then 155 

incubated overnight at 4°C with anti-F4/80 (Bio-Rad, 1:100) and anti-laminin (Sigma-Aldrich, 1:250) antibodies 156 

in blocking solution. The sections were washed briefly with PBS, incubated with Alexa Fluor 488 or 594-157 

conjugated secondary antibody (Invitrogen, 1:500) for 1 h at room temperature, and washed three times for 15 158 

min with PBS. The slides were then mounted with Fluoromount-G™, with DAPI immunofluorescent stain and 159 

analyzed with an Axio Imager M2 microscope connected to an AxioCam camera using ZEN2 software (Zeiss, 160 

Germany). 161 
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Serum creatinine kinase assay 162 

Blood collected from the mice by cardiac puncture was allowed to clot and was centrifuged at 10,000 g for 10 163 

min at 4°C. The supernatant was transferred to a clean tube for a second round of centrifugation. The serum was 164 

then collected and was stored at –80°C until used. Serum creatinine kinase (CK) levels, an indicator of muscle 165 

damage and sarcolemma membrane fragility in dystrophic mice, were determined using a commercially available 166 

kit according to the manufacturer’s instructions (Pointe Scientific Creatinine Kinase CK10 reagent, Fisher 167 

Scientific) and a modified protocol from Treat NMD_M.2.2.001 [29]. Serum CK activities were measured using 168 

a microplate reader (Infinite F200, TECAN) and were expressed as U/L. 169 

Cortical and trabecular bone analysis by microcomputed tomography 170 

The changes in trabecular architecture and cortical geometry of both L6 vertebrae and left tibia were assessed by 171 

μCT (Skyscan 1172, Bruker, Kontich, Belgium).  For trabecular and cortical analysis, high-resolution scans with 172 

an isotropic voxel size of 5 µm were acquired (60kV, 167 μA, 0.5mm aluminum filter, 0.6° rotation angle). Two 173 

images were averaged at each rotation angle. From the reconstructed images obtained using Skyscan NRecon 174 

software v1.6.9 (Bruker, Belgium), CTAn software 1.15.4.0 (Skyscan) was used to visualize and determine bone 175 

histomorphometric parameters. For vertebrae a 300-slice subset through the middle of vertebrae’s body was 176 

analyzed. In the proximal tibial metaphysis a 250-slice subset of trabecular bone extending distally 5% from the 177 

base of the growth plate and excluding both the cortical shell and primary spongiosa, was analysed.  Cortical bone 178 

analysis was performed on a slice subset derived from μCT scan images at 10-90% of total bone (Hsu et al. 2022). 179 

To assess bone mineral density (BMD), BMD phantoms of known calcium hydroxyapatite mineral densities of 180 

0.25 and 0.75 g/cm3 were scanned and reconstructed using the same parameters as used for bone samples. 181 

Biomechanical testing 182 

The L6 vertebra was evaluated by compression testing using a LS5 LLOYD testing machine with the NEXYGEN 183 

Plus software (AMETEK, UK). From each animal, the vertebral body was isolated from the spinal processes and 184 

prepared with flat and parallel ends using a polishing wheel (Dremel, UK). The vertebra was bonded to a fixed 185 

bottom plate with cyanoacrylate glue and a top plate (500 N load cell) moved downwards at a speed of 10 mm/min, 186 

compressing the vertebra.  Each vertebra was tested to fracture and data recorded after every 0.2 N change in load.  187 

Yield load, load at maximum stiffness, work to failure and work to fracture were calculated [30, 31]. The load 188 

displacement curve for each bone was analyzed, and the functional properties of the bone were quantified [31, 32] 189 

(Supp. Fig. 1). 190 

Serum analysis for bone turnover markers  191 

Serum was analysed by enzyme-linked immunosorbent assay (ELISA) to measure N-terminal propeptide of 192 

procollagen type I (PINP, Wuhan Fine Biotech, China) and α-carboxy-terminal telopeptide of type I collagen 193 

(αCTX, Wuhan Fine Biotech, China) levels according to the manufacturer’s instructions.  194 

 195 

Study 2: The effect of anti-RANKL treatment alone or followed by bisphosphonate on the bone structure 196 

and mechanical properties of GC-treated dystrophic mdx mice 197 
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Five-week-old DFZ [1.2mg/kg/day in drinking water] treated mdx mice were divided into 4 treatment groups with 198 

each containing 5-8 mice (Fig. 1B).  199 

Group I:  anti-RANKL [4 mg/kg] every 3 days for 8 weeks followed by two saline injections at 3- and 28-days 200 

after cessation of anti-RANKL 201 

Group II: anti-RANKL [4 mg/kg] every 3-days for 8 weeks followed by a single dose of zoledronate (Zol)  202 

[0.1mg/kg] 3-days after cessation of anti-RANKL and one saline injection 28-days after cessation of anti-RANKL 203 

[33].  204 

Group III: anti-RANKL [4 mg/kg] every 3-days for 8 weeks followed by 2 doses of Zol  [0.1mg/kg]) 3- and 28-205 

days after cessation of anti-RANKL 206 

Group IV: control IgG [4 mg/kg] every 3 days for 8 weeks followed by two saline injections at 3- and 28-days 207 

after cessation of anti-RANKL.   208 

A 5th group of mdx (without DFZ) mice received control IgG [4 mg/kg] every 3-days for 8-weeks followed by 209 

two saline injections at 3- and 28-days after cessation of control IgG.   210 

All mice were killed after 16-weeks of treatment. Water intake was measured in all experimental groups (mean = 211 

3 mL/day per mouse). The mice were weighed twice weekly to determine the appropriate drug dose and to monitor 212 

growth. At the end of the experimental procedures (16-weeks), the mice were euthanized by cervical dislocation 213 

under anesthesia. The left tibia and L3 vertebrae were dissected and stored at –20°C for μCT and biomechanical 214 

testing (analysed as described in Aim 1 for vertebra). For the left tibia, the biomechanical properties were 215 

determined by 3-point bending using the Lloyds materials testing machine fitted with a 100N load cell. Tibia were 216 

positioned horizontally on custom supports. The load was applied perpendicular to the mid-diaphysis and the 217 

cross-head was lowered at 10 mm/min whereas the right tibia and L5 were fixed in 4% PFA for 24h, decalcified 218 

in 10% EDTA for 2 weeks, and embedded in paraffin wax following standard procedures.   219 

Osteoclast and osteoblast quantification.  220 

To detect osteoclasts with tartrate acid phosphatase (TRAP) activity, 70 mg napthol AS-TR phosphate (Sigma-221 

Aldrich, UK) was dissolved in 250 µl N-N dimethyl formamide (Sigma-Aldrich, UK) and added to 50 ml of 0.2 222 

M sodium acetate buffer (pH: 5.2) containing 2.3 mg/ml sodium L-tartrate dibasic dihydrate (Sigma-Aldrich, UK) 223 

and 1.4 mg/ml fast red salt TR (Sigma-Aldrich, UK). Slides were incubated in a water bath kept at 37℃ for 60 224 

minutes. Sections were counterstained in Meyer’s hematoxylin (Sigma, UK), washed in distilled water and 225 

mounted in an aqueous mounting medium (Dako, USA). Slides were imaged using a NanoZoomer-XR slide 226 

scanning system (Hamamatsu Photonics, Japan). In the same sections, hematoxylin stained osteoblasts were 227 

scored per millimeter trabecular bone surface using morphological criteria in line with previously published 228 

studies [34, 35]. Static histomorphometry was quantified using the BIOQUANT OSTEO (BIOQUANT Image 229 

Analysis Corporation, Texas, USA) software package using the approved ASBMR histomorphometry 230 

nomenclature [36]. Two sections from each mouse were analysed.  231 

Serum analysis for bone turnover markers  232 

Serum was analysed by ELISA as described for study 1. 233 
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Statistical analyses 234 

All values are expressed as means  SEM. The data were analyzed using Prism (version 3.1) with one-way 235 

ANOVA or two-way ANOVA with Turkey’s post hoc test. Details of the specific test used are provided in the 236 

legends of each figure and table. The levels of significance were set at * p<0.05, ** p<0.01, *** p<0.001, and 237 

****p < 0.0001.  238 

Results 239 

Study 1: Both anti-RANKL and DFZ treatments improve dystrophic muscle function but anti-240 

RANKL+DFZ co-treatment did not show any additive effect. 241 

To assess the long-term effects of anti-RANKL and DFZ on dystrophic skeletal muscle function, 5-week-old mdx 242 

mice were treated with DFZ or anti-RANKL, or both for 8 weeks (Fig. 1A). Mice treated with anti-RANKL+DFZ 243 

and those from the WT group had lower body mass (BM) when compared to the IgG-treated mdx mice (Fig. 2A). 244 

To evaluate the effect of the treatments on muscle mass, muscles were weighed, and their mass was normalized 245 

to body mass. As expected, the EDL muscle of IgG-treated-mdx mice had higher muscle mass (52.3%) and muscle 246 

mass/BM ratios (31.3%; Table 1) when compared to IgG-treated WT mice. Interestingly, 8 weeks treatment with 247 

anti-RANKL, but not DFZ, significantly decreased EDL muscle mass/BM ratio by 9.5% (Table 1). Co-treatment 248 

with anti-RANKL+DFZ slightly decreased the EDL muscle mass/BM ratio by 7.1% when compared with the 249 

IgG-treated mdx EDL (Table 1). 250 

The whole limb grip force was measured at 5-, 9- and 13 weeks-of-age and analysis of the data disclosed a 251 

significant age-dependent increase of the grip force normalized to body mass (gF/gBM) in all the mice (Fig. 2B). 252 

The whole limb grip force of IgG-treated mdx mice was significantly lower than that of WT mice. Compared with 253 

the IgG-treated mdx mice, the grip force was improved by 16 % and 13 % in DFZ-treated mdx mice at 9 and 13 254 

weeks, respectively. Grip force of dystrophic mice treated with anti-RANKL or anti-RANKL+DFZ at 13 weeks 255 

was significantly higher compared to the treatment with IgG alone (8.3 ± 0.4, 8.6 ± 0.3 respectively vs. 7.1 ± 0.2; 256 

Fig. 2B). Although significantly different from the IgG treated mdx mice, the anti-RANKL+DFZ combined 257 

treatment did not show any additive effects on whole limb grip force (Fig. 2B). 258 

Anti-RANKL treatment, but not DFZ, improves the contractile properties of dystrophic muscles, and with 259 
no additive effect with anti-RANKL and DFZ co-treatment.  260 

Anti-RANKL treatment did not improve the absolute tetanic force (P0), however it resulted in a significant 261 

increase in the maximum specific force (sP0) of dystrophic EDL muscles compared to IgG-treated-mdx mice (Fig. 262 

2C and D). Anti-RANKL increased EDL sP0 by 22.6% in comparison to IgG-treated muscles (Fig. 2D). The 263 

combined anti-RANKL+DFZ treatment did not have an additive effect on EDL muscle contractility. DFZ 264 

treatment alone did not produce any gain in dystrophic EDL muscle function (Fig. 2D).  265 

Anti-RANKL treatment alone is as effective as DFZ and anti-RANKL+DFZ co-treatment in reducing 266 

dystrophic muscle damage, fibrosis and neutrophil infiltration  267 

We next investigated the effects of anti-RANKL treatment and / or DFZ on muscle damage and fibrosis, one of 268 

the most distinctive features of dystrophic muscles. As expected, muscle damage was significantly elevated in 269 

IgG-treated mdx mice compared to WT mice (Fig. 3A). Analysis of H&E stained sections revealed a marked 270 
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reduction in the damaged and fibrotic area of dystrophic EDL muscles from the three experimental treatments 271 

(5.9 - 7.4 %) when compared with IgG-treated mdx mice (23.1 %; Fig. 3B, 3C). The fibrotic area, as assessed by 272 

Masson trichrome staining, in the dystrophic EDL was significantly lower in the three experimental treatment 273 

groups compared with IgG-treated mdx mice (2.7 - 4.8% vs. 14.0%, respectively; Fig. 3A & C). In terms of muscle 274 

damage and fibrosis, the combined treatment of anti-RANKL and DFZ was not superior to anti-RANKL alone 275 

(Fig. 3B & C). Serum CK levels, an indirect indicator of muscle damage, were as expected, higher in IgG-treated 276 

mdx mice compared with WT mice (Fig. 3D). DFZ, anti-RANKL (NS), and anti-RANKL+DFZ co-treatments 277 

reduced serum CK levels by 58%, 44% and 46%, respectively, compared with the IgG-treated mdx mice (Fig. 278 

3D).  To investigate the possibility that the decrease in muscle damage is correlated with low inflammatory cell 279 

infiltration, EDL muscle sections were labeled with anti-Ly6-G/C, a marker for neutrophils (Fig. 4A). The anti-280 

RANKL, DFZ, and anti-RANKL+DFZ co-treatment significantly reduced the number of neutrophils in the EDL 281 

muscle compared to IgG-treated mdx mice (3202 ± 566, 2050 ± 233, 2495 ± 663 respectively vs. 5719 ± 530 282 

cells/mm3, Fig. 4B).   283 

Anti-RANKL treatment improved bone structure and biomechanical properties of dystrophic mice. 284 

The μCT analysis of vertebra bone structure revealed that treatment of mdx mice with DFZ for 8-weeks had little 285 

effect on cortical BMD and various trabecular structural parameters when compared to IgG treated mdx mice.  286 

However, in comparison to WT mice, DFZ and IgG treated mdx mice had lower cortical BMD and trabecular 287 

BV/TV, Tb.N and higher Tb.Sp (Fig.  5).  Anti-RANKL treatment with or without DFZ had similar effects on all 288 

parameters studies and notably it resulted in higher Tb BV/TV and lower Tb.Sp in mdx mice when compared to 289 

mdx mice treated with DFZ only (Fig. 5).  Similar trends were also observed with the tibia (Supp. Fig. 2).  290 

Compression testing of the vertebra revealed that all the parameters measured were similar in all treatment groups.  291 

Exceptions to this included fracture, work to failure and stiffness which were lower in the DFZ treated mdx 292 

compared with WT mice (Fig. 6).  293 

Anti-RANKL treatment did not alter bone turnover over serum markers. 294 

In comparison to DFZ treated mdx mice, there was a tendency for bone resorption (CTX) and formation (P1NP) 295 

serum markers to be decreased and increased, respectively in anti-RANKL treated mdx mice but these differences 296 

did not reach significance (Table 2). 297 

Study 2:  Anti-RANKL treatment alone or followed by bisphosphonate improves bone structure and 298 

biomechanical properties of DFZ-treated dystrophic mdx mice. 299 

This study determined whether bisphosphonate administration after anti-RANKL discontinuation was required to 300 

prevent GC-induced bone loss and associated biomechanical complications.  To do this, we analysed the bone 301 

structure of the vertebra and tibia after 16 weeks of treatment (Fig. 7 & Supp. Fig. 3).  Of the other vertebra 302 

parameters measured, only Tb. Sp was altered significantly with anti-RANKL alone when compared to DFZ 303 

treated mdx mice.  When compared DFZ treated mdx mice, cortical BMD and Tb BV/TV, Tb. Th, and Tb. N all 304 

required 1 or 2 doses of Zol after the discontinuation of anti-RANKL to be significantly higher (Fig. 7).  Similar 305 

to the vertebra DMD, cortical BMD of the tibia was increased in mdx mice treated with anti-RANKL followed by 306 

2 doses of Zol compared to DFZ treated mdx mice. Both Tb BV/TV and Tb. Sp were similar in mdx mice treated 307 

with anti-RANKL, or anti-RANKL followed by 1 or 2 doses of Zol and all three treatments significantly increased 308 
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BV/TV and decreased Tb. Sp when compared with DFZ treated mdx mice.  Similarly, in comparison to DFZ 309 

treated mdx mice, Tb. N was significantly increased in mice treated with anti-RANKL but only when followed by 310 

1 or 2 doses of Zol.  There were no treatment effects on Tb. Th (Supp. Fig. 3).  311 

The biomechanical properties of the vertebra and tibia were determined by compression testing and three-point 312 

bending, respectively (Fig 8 & Supp. Fig. 4). In vertebra, anti-RANKL or anti-RANKL followed by 1 or 2 doses 313 

of Zol significantly increased load at maximum stiffness compared to DFZ treated mdx mice but the higher failure 314 

and fracture loads were absent in mice whose anti-RANKL treatment was discontinued for 8-weeks and not 315 

followed by Zol .  However, work to failure, work to fracture and yield strength were similar in all groups (Fig 316 

8). In tibia, anti-RANKL, or anti-RANKL followed by 1 or 2 doses of Zol treatment significantly increased 317 

fracture load of the tibia when compared to DFZ treated mdx mice.  In contrast, work to failure, load at maximum 318 

stiffness and yield strength of the tibia were significantly greater in DFZ treated mdx mice when 1 or 2 doses of 319 

Zol were administered after the discontinuation of anti-RANKL. Work to fracture and failure load were similar 320 

in all groups (Supp. Fig. 4).   321 

Anti-RANKL treatment alone or followed by bisphosphonate decreases osteoclast number of DFZ-treated 322 

dystrophic mdx mice. 323 

The number of osteoclasts/bone surface (N.Oc/BS) in the tibia was significantly reduced in anti-RANKL or anti-324 

RANKL followed by 1 or 2 doses of Zol treatments compared to DFZ treated mdx mice (Fig 9A & B). No 325 

treatment changes were noted in N.Oc/BS in the vertebra (Figs 9 D & E). The number of osteoblasts/bone surface 326 

(N.Ob/BS) in the tibia were similar in all groups of mice but was increased in vertebra by anti-RANKL treatment 327 

followed by 1 or 2 doses of Zol when compared to DFZ treated mdx mice (Fig 9 C & F).  328 

Anti-RANKL treatment followed by 1 or 2 doses of bisphosphonate reduces serum αCTX concentrations 329 

when compared to DFZ treatment.  330 

In comparison to DFZ treated mdx mice, the concentration of αCTX was significantly reduced by anti-RANKL 331 

alone or followed by 1 or 2 doses of Zol.   Higher serum concentrations of P1NP was noted in mice treated with 332 

anti-RANKL followed by 2 doses Zol (Table 3). 333 

Discussion  334 

The RANK/RANKL/OPG pathway is essential for both bone (re)modelling and any disruption results in bone 335 

dysfunction and pathological conditions such osteoporosis [17].  Denosumab is a human monoclonal antibody 336 

that neutralises the activity of human RANKL and in placebo controlled trials it reduced the incidence of vertebral 337 

fractures, non-vertebral fractures and hip fractures by 68%, 20% and 40%, respectively [37].  However, the 338 

expression of RANK, RANKL, and OPG transcripts and protein are not specific to bone and all three are also 339 

expressed in skeletal muscle [38-41]. Similar to bone, changes to the OPG/RANKL ratios in muscle are correlated 340 

with dysfunction. Specifically, anti-RANKL administration improves lean body mass and grip strength in 341 

osteoporotic women whereas mice overexpressing RANKL exhibit muscle atrophy and weakness [20, 42]. The 342 

ability of anti-RANKL therapy to restore muscle function has profound implications for DMD patients because 343 

its use offers the possibility of using one drug to improve skeletal muscle function and prevent steroid/muscle 344 

function-induced bone loss. The present study investigated the potential for anti-RANKL treatment to prevent GC 345 
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induced bone loss and promote muscle function in dystrophic mice.  We also examined whether bisphosphonate 346 

administration after anti-RANKL discontinuation is required to inhibit a rebound acceleration of bone turnover, 347 

despite the low bone turnover state in GIO.     348 

Our results revealed that during an 8-week treatment period, anti-RANKL was as effective as DFZ and the co-349 

treatment with anti-RANKL+DFZ at improving the whole limb grip force of mdx mice. When tested ex vivo and 350 

consistent with previous results, the anti-RANKL treatment improved the maximum specific force (sP0) of the 351 

isolated EDL muscle [9]. However, we found DFZ treatment alone did not improve the contractile properties of 352 

dystrophic muscles. Previous research by others has revealed that in mice daily GC treatment improved muscle 353 

integrity but not muscle strength and function, and grip force while triggering muscle atrophy [43, 44]. The present 354 

findings showed no additive effect between anti-RANKL and DFZ treatments on muscle function ex vivo. Indeed, 355 

anti-RANKL+DFZ co-treatment increased the force production of dystrophic EDL muscle to the same extent as 356 

anti-RANKL alone. These results are consistent with the reduction of the normalized EDL muscle mass/body 357 

mass following anti-RANKL treatment and to a lesser extent with anti-RANKL+DFZ co-treatment, suggesting 358 

that the gain in specific force is most likely due to a reduction of non-contractile tissues i.e. edema, fibrosis, or fat 359 

cells. Nonetheless, how anti-RANKL and DFZ interact in dystrophic skeletal muscles is very poorly understood 360 

and will require further in-depth investigations. 361 

 362 

In addition to muscle weakness, DMD patients and mdx mice muscles present with an accumulation of muscle 363 

inflammation, damage, fibrosis, and high CK activity in the circulation [45, 46]. Here we showed that the 364 

improvements of muscle function with the anti-RANKL and anti-RANKL+DFZ co-treatment were associated 365 

with a significant reduction in muscle damage, serum CK levels, and muscle fibrosis suggesting that the integrity 366 

of the dystrophic muscles had improved. Muscle integrity was improved following DFZ treatment alone as 367 

previously shown on DMD patients and dystrophic mice under GC treatment [43, 47]. Our findings indicated that 368 

anti-RANKL, DFZ, and anti-RANKL+DFZ co-treatment significantly reduced the density of neutrophils. Chronic 369 

inflammation and leucocyte recruitment are a prominent feature in DMD and the specific depletion of 370 

inflammatory cells reduces muscular necrosis and inflammation in mdx mice [48, 49].  Our results are of the 371 

utmost importance since neutrophils are the first cells to invade damaged muscles [50] and the depletion of host 372 

neutrophils resulted in a delay and significant reduction of necrotic myofiber at the acute onset of dystropathology 373 

in mdx mice [51]. Similarly, we previously found that anti-RANKL treatment alone reduces muscle inflammation 374 

and muscle damage thus improving muscle function of dystrophic mice [9]. Moreover, GCs are a well-known 375 

anti-inflammatory drug and our results confirm that daily DFZ treatment has a potent effect on muscle 376 

inflammation [51]. Overall, anti-RANKL and DFZ treatments may potentially protect the integrity of myofibres 377 

by reducing the number of recruited inflammatory cells.  Whilst additional muscle benefits of anti-RANKL 378 

treatment are unlikely in GC treated people with DMD, the use of anti-RANKL alone to improve muscle integrity 379 

would avoid the use GC and their related skeletal side effects.  This would be worthy of investigation in future 380 

clinical trials. 381 

 382 

Since bone loss occurs with deterioration of muscle function, anti-resorptive therapy may also be an useful 383 

approach to inhibit the negative effects of the underlying myopathy and GC therapy on bone [52]. In DMD, the 384 

first and most frequent osteoporotic fractures occur in vertebrae after only 6 months of GC therapy, although long 385 
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bone fracture of lower limb like tibia and femur are extremely common [6, 14]. Therefore, examination of both 386 

vertebrae and tibia, as done in this study, provides a comprehensive understanding of the bone response to anti-387 

RANKL treatment.   Whilst intravenous bisphosphonates are recommended following fractures to prevent bone 388 

loss in GC treated DMD boys [14] there are significant side effects which includes nausea, vomiting, pyrexia 389 

particularly following first infusion but could also occur in subsequent infusions [53].  Serious complications like 390 

rhabdomyolisis and intra-cardiac thrombosis have been reported in people with DMD treated with intravenous 391 

bisphosphonates [54-56].  In pre-clinical studies, RANKL inhibition by a human monoclonal anti-RANKL IgG2 392 

antibody prevented GC-induced loss of bone mass and strength in hRANKL-knockin mice [57].  Furthermore, 393 

two case studies have also reported improvements in BMD and bone turnover markers in adolescent and adult 394 

DMD patients treated with GCs [21, 22].  In this present study, we found that anti-RANKL treatment for 8 weeks 395 

improved trabecular bone structure of mdx mice which was also noted in mdx mice that received both DFZ and 396 

anti-RANKL.  These results from this and other studies (pre-clinical and clinical) strongly support the benefits of 397 

anti-RANKL therapy for the treatment of DMD patients treated with GCs.  398 

 399 

A potential concern about the use of denosumab is that unlike bisphosphonates it is not incorporated into bone. 400 

The beneficial effects of denosumab on BMD and bone turnover markers in postmenopausal women with 401 

osteoporosis (a high bone turnover state) are reversible upon discontinuation due to an increase in osteoclast 402 

number and activity [58-60].  International guidance for postmenopausal osteoporosis suggests that at least a 403 

single dose of intravenous bisphosphonates is required to consolidate the gains from the use of denosumab by 404 

inhibiting rebound acceleration of bone turnover [23]. Indeed, a number of studies have reported that 405 

implementing bisphosphonates after denosumab discontinuation mitigated BMD loss, although the optimal 406 

regimen is yet to be clarified [23, 61-63].  However, there is no pre-clinical or clinical data on bone health when 407 

denosumab treatment is stopped in animals/growing children or in low bone turnover osteoporosis e.g. GIO, 408 

which is characteristic of patients with DMD treated with GC.   Therefore, the experimental design of the 2nd 409 

study incorporated groups of mice that received Zol after the discontinuation of anti-RANKL.  We found that one 410 

or two doses of Zol after anti-RANKL cessation treatment further enhanced bone microarchitecture parameters 411 

and biomechanical properties compared to DFZ treated mdx mice.  The biomechanical properties were closely 412 

related to the  microarchitecture parameters of bone, supporting previous conclusions that microarchitecture could 413 

be used to predict the biomechanical properties of trabecular bone [64].  Decreased bone resorption underpins the 414 

superior structural and biomechanical properties of bones from anti-RANKL and Zol-treated mice. This was 415 

confirmed by the lower serum CTX in mice who received 1 or 2 doses of Zol after the discontinuation of anti-416 

RANKL.  Osteoclast number within the tibia were also lower in mice treated with anti-RANKL alone or followed 417 

by Zol.  Similar results were reported by Hofbauer and colleagues who indicated that denosumab treatment 418 

reduced serum TRAP-5b concentrations and distal femur and lumbar vertebra osteoclast number in prednisolone-419 

treated mice [57]. It is therefore sensible that treatment with bisphosphonates is required to limit reactivation of 420 

bone turnover after anti-RANKL discontinuation in DMD despite the low bone turnover. Further studies are 421 

required to determine if fracture risk is decreased with anti-RANKL treatment alone or with bisphosphonates 422 

following anti-RANKL discontinuation in DMD and other states of GC induced osteoporosis. 423 

 424 
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In conclusion, anti-RANKL treatment improved bone structure and muscle function in GC-treated mdx mice. A 425 

clinical trial examining the efficacy on skeletal muscle outcomes and safety of denosumab in comparison with 426 

GC in DMD would be worth pursuing. As observed in osteoporotic adult patients, bisphosphonate administration 427 

after anti-RANKL discontinuation may be required for patients with DMD to inhibit a rebound acceleration of 428 

bone turnover and reduce fracture risk, despite the low bone turnover state in GIO.  429 
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 655 
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 658 

 659 

 660 

Table 1: Muscle mass of EDL muscle.  Data are expressed as means ± SEM.  *p < 0.05, **p < 0.01, ***p < 661 
0.001, and ****p < 0.0001 indicate significantly different from the IgG-treated mdx mice using one-way ANOVA. 662 
BM = Body mass. 663 

 664 

 mdx-anti-RANKL mdx-DFZ+anti-RANKL mdx-DFZ mdx-IgG WT-IgG 

CTX (ng/ml) 2.8+2.0 3.2+1.6 4.3+3.0 3.7+0.5 2.2+0.2 

P1NP (ng/ml) 51.5+15.8 50.0+25.2 38.3 +20.1 42.6+22.8 36.5+3.6 

Table 2: Serum concentration of bone turnover markers (CTX and P1NP) after treatment of mdx mice 665 

with IgG, anti-RANKL, DFZ or anti-RANKL+DFZ.   Data are expressed as the means ± SEM and analysed 666 

using one-way ANOVA. 667 

 668 

 mdx-anti-RANKL       mdx-anti-

RANKL+Zol (1 dose)  

         mdx-anti-

RANKL+Zol (2 doses)  

mdx -DFZ mdx-IgG  

CTX (ng/mL) 4.4+0.2* 3.1+1.6* 3.3+ 1.3* 5.9+0.5  5.5+1.9 

P1NP (ng/mL) 86.2+54.7 87.6+55.5 90.6+45.4* 33.7+10.9 44.7+11.4 

Table 3: Serum concentration of bone turnover markers (CTX and P1NP) after treatment of DFZ-treated mdx 669 
mice with anti-RANKL, anti-RANKL followed by 1 or 2 doses of bisphosphonate, DFZ and IgG.   Data are expressed 670 
as the means ± SEM. *p < 0.05 indicate significantly different from mdx-DFZ mice using one-way ANOVA.  671 

  672 

Groups EDL 

 Muscle mass 

(mg)  

Muscle mass/BM 

(mg/g)  

WT- IgG 9.01 ± 0.5 

(****) 

0.32 ± 0.02 

(****) 

mdx-IgG 13.72 ± 0.3 

 

0.42 ± 0.01 

 

mdx-anti-RANKL 12.68 ± 0.3 0.38 ± 0.01  

(*) 

mdx-DFZ 11.68± 0.5  

(**) 

0.41 ± 0.01 

 

mdx-DFZ+anti-RANKL 11.01 ± 0.4  

(***) 

0.39 ± 0.01 

 (*) 
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 673 

Figure. 1. Schematic of experimental design of both in vivo studies a) Does anti-RANKL prevent muscle and 674 
bone damage in dystrophin-deficient mdx mice. b) Does anti-RANKL treatment alone or followed by 675 
bisphosphonate improve bone structure and biomechanical properties in DFZ treated dystrophin-deficient mdx 676 
mice 677 

  678 
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 680 

  681 

Figure 2: The anti-RANKL and DFZ treatments significantly improved whole limb grip force performance 682 
without any synergetic effects of the combined treatment. Glucocorticoid + Anti-RANKL treated mdx and WT 683 
mice had significantly lower body mass compared to IgG-treated mice at 8 weeks (A). Whole limb grip force was 684 
measured before treatment (5 weeks-of-age) and after 4- and 8-weeks of treatment. Whole limb grip force 685 
increased significantly with age in all groups except for the placebo-IgG treated mdx mice (B). The anti-RANKL 686 
treatments, but not DFZ, significantly improved contractile properties of dystrophic muscles. The contractile 687 
properties of the EDL muscle were evaluated ex vivo (C). The anti-RANKL treatment significantly improved the 688 
specific force (sP0) of dystrophic EDL when compared with IgG-treated mdx mice (D). Healthy EDL muscles 689 
from age-matched WT C57BL6/10J mice served as controls for contractile property recordings. Data in A, C and 690 
D  are expressed as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 using One-way 691 
ANOVA with Tukey correction for multiple comparisons. Data in B  are expressed as means ± SEM. *p < 692 
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 using Two-way ANOVA. 693 

 694 

 695 

 696 

  697 
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 699 

Figure 3: Anti-RANKL and DFZ or anti-RANKL+DFZ co-treatment significantly improved muscle integrity to 700 
the same extent but did not have the same effect on muscle regeneration. Representative hematoxylin/eosin and 701 
Masson’s trichrome-stained histological sections of EDL muscles from mdx mice treated for 8 weeks with either 702 
vehicle IgG [4mg/kg/3d], anti-RANKL [4mg/kg/3d], DFZ [1,2mg/kg/d] in drinking water or the combined 703 
treatment with anti-RANKL and DFZ (A). Compared with the IgG treated mdx mice and WT mice , all treatment 704 
groups displayed a significant reduction of muscle damage and fibrotic areas (B and C, respectively) and serum 705 
CK activity   (D). Healthy EDL muscles from age-matched WT C57BL6/10J mice served as controls. Muscle 706 
damage and fibrosis was quantified using ImageJ software excluding the edges of the sections. Data are expressed 707 
as means ± SEM. Significantly different from IgG-treated mdx mice, *p < 0.05 and **p < 0.01, ***p < 0.001, and 708 
****p < 0.0001 using One-way ANOVA with Tukey correction for multiple comparisons. Scale bar =50 709 
µm. 710 

 711 

712 
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 713 

Figure 4: Anti-RANKL and DFZ treatments significantly reduced neutrophil cell infiltration without any additive 714 
effect with the combined treatments. Cryosections of EDL muscles from mdx mice treated for 8 weeks with either 715 
vehicle IgG [4mg/kg/3d], of anti-RANKL [4mg/kg/3d], DFZ [1,2mg/kg/d] in drinking water or the combined 716 
treatment with anti-RANKL and DFZ were labeled with anti-Ly6-G/C (to label neutrophils ; red), anti-laminin 717 
(green), and DAPI (blue) (A). Compared with the IgG treated mdx mice and WT mice, all treatments groups had 718 
significantly reduced number of neutrophils (B). Muscles from WT C57BL/10J mice served as controls. Data are 719 
expressed as means ± SEM. **p < 0.01, ***p < 0.001 indicate significantly different from the IgG-treated mice 720 
using One-way ANOVA with Tukey correction for multiple comparisons. Scale bar = 50µm. 721 

 722 

 723 

  724 
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 725 

Figure 5. Vertebrae cortical BMD was not significantly decreased in anti-RANKL or anti-RANKL + DFZ treated 726 
mdx mice compared to WT mice whereas it was significantly decreased in DFZ and IgG treated mdx mice (A). 727 
BV/TV (trabecular bone volume/tissue volume; %) was significantly increased in anti-RANKL+DFZ treated mdx 728 
mice compared to DFZ-treated mdx mice (B). Tb.Sp. (trabecular separation; mm) was decreased in anti-RANKL 729 
and anti-RANKL+DFZ treated mdx mice compared to DFZ treated mdx mice (D). Tb. N. (trabecular number; 730 
mm-1) and Tb. Th. (trabecular thickness; mm) were not significantly changed in anti-RANKL or anti-731 
RANKL+DFZ treated mdx mice compared to IgG treated mdx mice (C, E). These data are represented as the 732 
means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001 using One-way ANOVA with Tukey 733 
correction for multiple comparisons. 734 
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 735 
Figure 6. Fracture load  (B), work to failure (C) and stiffness (E) were significantly decreased in vertebrae of 736 
DFZ treated mdx mice compared to IgG treated WT mice. Data are expressed as the means ± SEM. *p < 0.05; 737 
**p < 0.01 using One-way ANOVA with Tukey correction for multiple comparisons. 738 

 739 
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 740 

Figure 7.  BMD (bone mineral density) and Tb. N. (trabecular number; mm-1) were significantly increased in 741 
anti-RANKL followed by 2 doses of Zol treated mdx mice compared to DFZ or IgG treated mdx mice (A, E). 742 
BV/TV (trabecular bone volume/tissue volume; %) and Tb. Th. (trabecular thickness; mm) were significantly 743 
increased in anti-RANKL followed by 1 or 2 doses of Zol treated mdx mice compared to DFZ or IgG treated mdx  744 
mice (B, C). Tb. Sp. (trabecular separation; mm) was significantly decreased in anti-RANKL, or anti-RANKL 745 
followed by 1 or 2 doses of Zol treated mdx mice compared to DFZ treated mdx mice (D). Data are represented 746 
as the means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 using One-way ANOVA with Tukey correction for 747 
multiple comparisons. 748 
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 750 

 751 

Figure 8. Failure load of vertebrae was significantly increased in anti-RANKL followed by 1 or 2 doses of Zol 752 
treated mdx mice compared to DFZ treated mdx mice (A). Load at maximum stiffness was significantly higher in 753 
anti-RANKL or anti-RANKL followed by 2 doses of Zol treated mdx mice compared to DFZ treated mdx mice 754 
(E).  Data are represented as the means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 using One-way ANOVA 755 
with Tukey correction for multiple comparisons. 756 

 757 

 758 
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 759 

Figure 9. Representative photomicrographs of tibia (A) and vertebrae (D) sections reacted for tartrate resistant 760 
acid phosphatase (TRAP) activity. Anti-RANKL and anti-RANKL followed by 1 or 2 doses of Zol treated mdx 761 
mice compared to DFZ treated mdx mice significantly decreased the number of osteoclasts / bone surface 762 
(N.Oc/BS) in the tibia (B). The number of osteoblasts/bone surface (N.Ob/BS) within the tibia were unchanged 763 
by all treatments compared with DFZ treated mdx mice (C).  The N.Oc/BS in vertebra was unchanged by all 764 
treatments compared with DFZ treated mdx mice (E).  Anti-RANKL followed by 1 or 2 doses of Zol treated mdx 765 
mice compared to DFZ treated mdx mice increased N.Ob/BS in vertebra.  Data are expressed as the means ± SEM. 766 
*p < 0.05; **p < 0.01; ***p < 0.001 using One-way ANOVA with Tukey correction for multiple comparisons. 767 

 768 

 769 

  770 
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 771 

Supp. Figure 1.  Load–displacement curve illustrating biomechanical parameters including failure, fracture and 772 
stiffness. Work to failure is calculated as the area under the curve up to the failure point. Work to fracture is 773 
calculated as the area under the curve up to the fracture point.  774 
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 775 

Supp. Figure 2.  Treatment of mdx mice with anti-RANKL alone or followed by 1 or 2 doses of Zol had no effect 776 
on tibia BMD or microstructure when compared with DFZ treated mdx mice. Tb. Th. (trabecular thickness; mm) 777 
was significantly decreased in all mdx mice (irrespective of treatment) when compared with IgG treated WT mice.  778 
Data are expressed as means ± SEM.  ****p < 0.0001 using One-way ANOVA with Tukey correction for multiple 779 
comparisons. 780 

 781 
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 782 

Supp. Figure 3. Cortical BMD (bone mineral density) of the tibia was significantly increased in anti-RANKL 783 
followed by 2 doses of Zol treated mdx mice compared to DFZ treated mdx mice (A). BV/TV (trabecular bone 784 
volume/tissue volume; %) and Tb. Sp. (trabecular separation; mm) were significantly increased and decreased, 785 
respectively in anti-RANKL, or anti-RANKL followed by 1 or 2 doses of Zol treated mdx mice compared to DFZ 786 
treated mdx mice (B,D). Tb. Th. (trabecular thickness; mm) was similar in all treatment groups (C). Tb. N. 787 
(trabecular number; mm-1) was significantly increased in anti-RANKL followed by 1 or 2 doses of Zol treated 788 
mdx mice compared to DFZ treated mdx mice (E).  Data are represented as the means ± SEM. *p < 0.05; **p < 789 
0.01; ***p < 0.001 using One-way ANOVA with Tukey correction for multiple comparisons. 790 

 791 

 792 
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 793 

Supp. Figure 4. Fracture load of the tibia was significantly increased in anti-RANKL, or anti-RANKL followed 794 
by 1 or 2 doses of Zol treated mdx mice compared to DFZ or IgG treated mdx mice (B). The work to failure and 795 
yield loads were significantly increased in anti-RANKL followed by 1 or 2 doses of Zol treated mdx mice 796 
compared to DFZ treated mdx mice (C, F). Load at maximum stiffness was significantly increased in anti-RANKL 797 
followed by 2 doses of Zol treated mdx mice compared to DFZ treated mdx mice (E). Failure and work to fracture 798 
load were similar in all treatment groups (C).  (A, D). Data are represented as the means ± SEM. *p < 0.05; **p 799 
< 0.01; ***p < 0.001 using One-way ANOVA with Tukey correction for multiple comparisons. 800 
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