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Abstract

The over-expression of NF-κB signalling in both muscle and immune cells contribute to the

pathology in dystrophic muscle. The anti-inflammatory properties of glucocorticoids, mediated

predominantly through monomeric glucocorticoid receptor inhibition of transcription factors such

as NF-κB (transrepression), are postulated to be an important mechanism for their beneficial

effects in Duchenne muscular dystrophy. Chronic glucocorticoid therapy is associated with

adverse effects on metabolism, growth, bone mineral density and the maintenance of muscle mass.

These detrimental effects result from direct glucocorticoid receptor homodimer interactions with
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glucocorticoid response elements of the relevant genes. Compound A, a non-steroidal selective

glucocorticoid receptor modulator, is capable of transrepression without transactivation. We

confirm the in vitro NF-κB inhibitory activity of compound A in H-2Kb-tsA58 mdx myoblasts and

myotubes, and demonstrate improvements in disease phenotype of dystrophin deficient mdx mice.

Compound A treatment in mdx mice from 18 days of post-natal age to 8 weeks of age increased

the absolute and normalized forelimb and hindlimb grip strength, attenuated cathepsin-B enzyme

activity (a surrogate marker for inflammation) in forelimb and hindlimb muscles, decreased serum

creatine kinase levels and reduced IL-6, CCL2, IFNγ, TNF and IL-12p70 cytokine levels in

gastrocnemius (GA) muscles. Compared with compound A, treatment with prednisolone, a

classical glucocorticoid, in both wild-type and mdx mice was associated with reduced body

weight, reduced GA, tibialis anterior and extensor digitorum longus muscle mass and shorter tibial

lengths. Prednisolone increased osteopontin (Spp1) gene expression and osteopontin protein levels

in the GA muscles of mdx mice and had less favourable effects on the expression of Foxo1,

Foxo3, Fbxo32, Trim63, Mstn and Igf1 in GA muscles, as well as hepatic Igf1 in wild-type mice.

In conclusion, selective glucocorticoid receptor modulation by compound A represents a potential

therapeutic strategy to improve dystrophic pathology.
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Introduction

Duchenne muscular dystrophy (DMD) results from mutations in the DMD gene, located at

Xp21.2 [1], and subsequent absence of the subsarcolemmal protein dystrophin [2,3].

Dystrophin is a component of the dystrophin–glycoprotein complex (DGC) that provides a

scaffold between the extracellular matrix (ECM) and the cytoskeleton. Impaired DGC

function compromises the structural and mechanical integrity of skeletal muscle, alters

signalling pathways within the muscle, leading to contraction-induced injury, reduces cell

viability and ultimately causes myofibre necrosis and muscle inflammation [4]. The nature

and sequence of events that occur during the initiation and perpetuation of this inflammatory

process in dystrophic muscle remains controversial. Glucocor-ticoids (GCs) are the only

therapy shown to alter the natural history of DMD [2,3,5] and modulation of the

inflammatory response is thought to underlie their efficacy. The anti-inflammatory

properties of GCs are due to GC-bound glucocorticoid receptor (GR) monomer interference

with pro-inflammatory transcription factors such as NF-κB (transrepression), whereas

adverse metabolic alterations and detrimental changes in muscle and bone homeostasis [6]

are due to GC-bound GR dimer interactions with GC response elements (GRE) mediating

the transcription of the relevant genes (transactivation) [7].

In DMD, NF-κB, a transcription factor for many pro-inflammatory genes, promotes muscle

damage and fibrosis, impairs myofibre regeneration and accelerates satellite cell senescence

[8–11]. Numerous studies support targeting of NF-κB as a therapeutic approach in DMD

[12–21]. Compound A (CpdA), or 2-(4-acetoxyphenyl)-2-chloro-N -methyl-ethylammonium
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chloride [22]—a non-steroidal selective GR modulator (SGRM)—is the first natural

compound with the ability to selectively induce GR-mediated transrepression. The

molecular properties allowing CpdA to selectively signal through the GR, and its efficacy in

animal models of inflammatory and immunological disorders, have been studied extensively

[23–30]. CpdA has the theoretical potential to produce the beneficial effects of GCs in

DMD, including NF-κB modulation [31], without the well-recognized adverse effects of

GCs that often limit their therapeutic use. The aims of this study were to: test the beneficial

potential of CpdA in the mdx mouse model of DMD; investigate the mechanisms by which

these beneficial effects are achieved; and compare and contrast the effects of CpdA and

prednisolone (PNSL), a classical GC, on mediators of muscle disease.

Materials and methods

Reagents/equipment were acquired through Life Technologies (Grand Island, NY, USA)

unless stated otherwise. A complete description of the materials and methods is provided in

the supplementary material.

Animals

Male wild-type (WT; C57BL/10ScSn/J ) mice and mdx (C57BL/10ScSn-mdx/J ) mice were

obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and housed/bred at the

Veterans Affairs Animal Facility. All animal experiments were conducted in accordance

with our IACUC guidelines under approved protocols.

Experimental design in animal studies and tissue preparation

All mouse studies followed a common schedule (Figure 1). Two studies were performed,

with treatment groups outlined in Table S1 (see supplementary material). Intraperitoneal

CpdA was favoured over oral CpdA because, at a dose of 7.5 mg/kg/day, intraperitoneal

CpdA significantly reduced proinflammatory cytokine (IL-6, TNF, CCL2, IFNγ and

IL-12p70) levels in gastrocnemius (GA) muscle. The 5.0 mg/kg/day dose of PNSL was

chosen based on published FDA guidelines and our own experience with this dose in this

model [32,33]. All animals were randomized to their treatment groups, based on body

weight. Acquisition and analysis of all functional, imaging and histological data was

performed in a blinded fashion.

Grip strength measurement (GSM)

Forelimb and hindlimb GSMs were performed as previously described [34], but with an

increase in the acclimation period from 3 to 5 consecutive days. Absolute and normalized [to

body weight (BW)] GSMs were measured.

Open-field behavioural activity

Voluntary locomotor activity was measured using an open-field behavioural activity

assessment (Digiscan) apparatus (Omnitech Electronics, Columbus, OH, USA), as

previously described [34]. Mice were acclimatized for 4 days before data collection every 10

min over a 1 h period each day for 4 consecutive days.
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Measurement of histopathological parameters and serum creatine kinase (CK)

Assessment of pathology in WT and mdx mice following treatment was performed in

paraffin-embedded right tibialis anterior (TA) cross-sections, using haema-toxylin and eosin

(H&E) staining. Histological evaluations were performed in a blinded manner, using coded

slides. Quantitative stereology was performed on a section of the entire TA (non-

overlapping fields captured by a ×40 objective). Histological parameters were defined

according to TREAT-NMD SOP criteria (Treat-NMD SOP No. DMD_M.1.2.007). CK

determination was performed as previously described [34].

Quantitative real-time polymerase chain reaction (qPCR)

RNA was isolated from cells or frozen tissue using an integrated Trizol and RNeasy minikit

(Qiagen, Valencia, CA, USA) protocol with DNase I treatment. cDNA was obtained using

Reverse Transcription System (Promega, Madison, WI). All PCR reactions were carried out

using Taqman Gene Expression Master Mix, except Spp1 and Hprt gene analysis (SYBR

Green PCR Master Mix). Hprt was used as the housekeeping gene in all qPCR studies.

Relative quantification was used in all except in atrophy studies, where relative expression

software tool (REST) was used. Comparisons were made between vehicle-treated WT and

mdx mice as well as between the vehicle and other treatment groups. For studies of the

expression of genes determining muscle mass, GA muscle was used for all genes except

Foxo3 , where the quadriceps was used due to inadequate mRNA from GA to complete all

studies.

Taqman Gene Expression Assays, SYBR Green primer pairs, and thermal cycle conditions

are presented in Table S2 (see supplementary material).

Flow cytometry

A fluorescence-activated cell sorting (FACS) system (BD Biosciences, San Jose, CA, USA)

was used to quantify cytokines (IL-6, IL-10, CCL2, TNF, IFNγ, IL-12p70) in protein lysates

from pulverized GA with the Cytometric Bead Array Mouse Inflammation Kit, measured

according to the manufacturer’s instructions.

Cell culture

Conditionally immortalized H-2kb-tsA58 (H-2k) mdx myoblasts were cultured as previously

described [35,36]. The growth medium contained Dulbecco’s modified Eagle’s medium

(DMEM), 20% fetal bovine serum (FBS), 2% chick embryo extract (US Biologicals,

Boston, MA, USA), 2% L-glutamine, 1% penicillin/streptomycin and 0.02 µg/ml IFNγ

(Millipore, Billerica, MA, USA) at 33°C with 10% CO2. Differentiation into myotubes was

achieved by removing the chick embryo extract, replacing the 20% FBS with 5% horse

serum, and incubating at 37°C with 5% CO2 for at least 96 h. AtT-20/D16v–F2 murine

pituitary corticotrophs (ATCC, Manassas, VA, USA) were cultured as previously described

[37].
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Western blotting

H-2K mdx myoblasts were pretreated with 1% DMSO, CpdA (4 µM) or PNSL (10 µM) for 4

h, followed by stimulation with 10 ng/ml TNF for 30 min (non-stimulated DMSO-treated

groups were also included). Myotubes were treated for 24 h before stimulation for 24 h.

Nuclear and cytoplasmic fractions were then obtained, using a p65 (RelA) Translocation

Assay Kit (Five Photons Biochemicals, San Diego, CA, USA) according to the

manufacturer’s instructions; 10 µl nuclear fraction and 15 µl cytoplasmic fraction from each

treatment was used for the western blot, which was performed as previously described [38].

The primary and secondary antibodies used for immunoblotting are presented in Table S3

(see supplementary material). Densitometry analysis of p65 nuclear and cytoplasmic blots,

normalized to both Actin and Lamin A, was used to assess p65 nuclear:cytoplasmic ratios.

Pituitary corticotroph studies

AtT-20 cells were treated with 1% DMSO, PNSL (1 or 10 µM) or CpdA (1 or 4 µM) for 24 h.

The media were then collected for ACTH measurement with Mouse/Rat ACTH Ultra

Sensitive lumELISA (Calbiotech, Spring Valley, CA, USA) according to the manufacturer’s

instructions. Each well was then washed with phosphate-buffered saline (PBS) before the

addition of Trizol for RNA extraction.

Live animal optical imaging

Quantification of inflammation in limb muscles of mice was achieved using live-animal

optical imaging of cathepsin-B enzyme activity, using a caged near-infrared substrate as

previously described [39], with n =7–10/group.

Osteopontin (OPN) ELISA assay

Quantification of OPN in protein lysates from GA muscles was performed using a

commercial kit (Mouse Osteopontin Quantikine ELISA Kit, R&D Systems, Minneapolis,

MN, USA) according to the manufacturer’s instructions.

Statistical analysis

Two-tailed Student’s t-test was used for experiments involving two groups. One-way

ANOVA with Dunnett’s post-test comparison against a control was used for experiments

involving more than two groups. Relative Expression Software Tool or non-parametric one-

way ANOVA with a Kruskal–Wallis comparison of relative quantification (RQ) values were

used for qPCR. Two-way ANOVA with Bonferroni post-test comparison with vehicle

(VEH)-treated controls was performed in weekly BW measurements and lengthening–

contraction studies involving different time points. The relationships between OPN levels

and percentage necrotic fibres in the GA muscles of mdx mice were analysed using Pearson

correlation. Significance was defined as p < 0.05. Prism 5 statistical software was used for

analyses.
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Results

In vitro studies

CpdA reduces TNF-induced p65 nuclear translocation in H-2K mdx muscle
cells—Western blot analysis was used to assess the effect of CpdA on p65 nuclear

translocation in pretreated H-2K mdx muscle cells in response to 10 ng/ml TNF stimulation

(Figure 2A, B). The nuclear:cytoplasmic ratios were reduced by −80% in control DMSO-

treated/non-TNF-stimulated (TNF–) compared to DMSO-treated/TNF-stimulated (TNF+)

myoblasts, and by −40% in both CpdA-treated/TNF-stimulated (CpdA) and PNSL-treated/

TNF-stimulated (PNSL) myoblasts compared with TNF+ myoblasts. Lower ratios were also

observed in myotubes: TNF– (−75%), CpdA (−48%) and PNSL (−50.0%). Reduced TNF-

induced p65 nuclear translocation in H-2K muscle cells following CpdA treatment was also

demonstrated using immunofluorescence (Figure S2).

CpdA does not induce GR-related transactivation of genes—To confirm the

absence of CpdA-induced GR–GRE interactions, we studied the effects of CpdA in vitro on

the expression of Pomc and Sgk1 [37]—genes involved in the hypothalamic–pituitary–

adrenal (HPA) axis feedback regulation—in AtT-20/D16v–F2 cells (Figure 3A, B). Pomc

gene expression was not downregulated by CpdA (at 4 or 1 µM), whereas PNSL at 10 and 1

µM decreased expression of Pomc by −60% and −63%, respectively (Figure 3A). Similarly,

Sgk1 gene expression was not different from control corticotrophs following CpdA

treatment. PNSL at 10 and 1 µM up-regulated Sgk1 gene expression by 11- and 8-fold,

respectively. ACTH secretion by AtT-20/D16v–F2 cells (Figure 3C) was not changed

following either CpdA treatments, whereas both PNSL concentrations reduced ACTH levels

by approximately −70%. No dose–response effect was observed for Pomc or Sgk1 gene

expression or ACTH levels with PNSL.

In vivo studies with CpdA in mdx mice

The following results are described for study 1 and the experimental design is outlined in the

supplementary material (Table S1, Figure S1).

CpdA does not alter tibial length or the normal pattern of BW gains in WT or
mdx mice—Tibial length was used to assess the effects of drug treatment on long bone

growth (Figure 4A, B). PNSL5.0 markedly reduced tibial length in both WT and mdx mice.

This was not observed with CpdA7.5 treatment. The gain in BW of both WT and mdx mice

(Figure 4C, D) treated with daily PNSL was reduced compared with the VEH-treated mice.

In contrast, CpdA did not reduce BW gains except in mdx mice treated with CpdA7.5 at one

single time point of 5 weeks.

CpdA increases GSMs in mdx mice—GSMs were performed at 6 weeks of age

(Figure 5A – D). As expected, all GSM parameters were reduced in mdx compared to WT

mice. In mdx mice, absolute and normalized forelimb GSMs were improved when compared

to VEH treatment, following CpdA3.75 (+13% and +22%), CpdA7.5 (+21% and +30%) and

PNSL5.0 (+15% and +50%) treatments. Improvement in absolute and normalized himdlimb

GSM was also observed for mdx mice in the CpdA7.5 group (+19% and +28%), but only
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normalized hindlimb was improved following CpdA3.75 (+19%) and PNSL5.0 (+40%)

treatments. In WT mice, CpdA7.5 did not affect GSM, whereas PNSL5.0 improved

normalized forelimb (+12%) but reduced absolute hindlimb (−13%). Ex vivo measurements

of maximal isometric force, specific force, and force following sequential lengthening-

contractions in the EDL muscles of both mdx and WT mice were not changed following

CpdA treatment (Figure S3).

CpdA increases open-field locomotor activity in mdx mice—We used Digiscan to

study the effects of CpdA on open-field behavioural activity. All measurement parameters

were expressed as absolute values (Figure 5E – I). Quantification of horizontal activity,

vertical activity and total distance over time for each mouse was obtained by normalizing to

the movement time (Figure 5J – L). There was significant intragroup variation in all

parameters. Differences were observed between WT and mdx mice, with WT mice having

shorter rest times, greater horizontal activity and greater total distance. In WT mice,

CpdA7.5 reduced horizontal activity and total distance. In mdx mice, the PNSL5.0-treated

group had longer rest times. For the time that they were moving, WT mice exhibited greater

horizontal and vertical activity than mdx mice. There was no difference in the distance/unit

time between WT and mdx mice. CpdA and PNSL treatment in WT mice reduced total

distance/s compared to the VEH-treated group. CpdA and PNSL treatment in mdx mice

resulted in greater horizontal activity/s, but no difference in vertical activity/s or total

distance/s.

CpdA reduces muscle inflammation in mdx mice—Muscle inflammation in vivo

was quantified using live-animal optical imaging to measure photon intensity (an indicator

of cathepsin-B enzyme activity) [39] in the limb muscles of mdx mice, using ProSense-680

(Figure 6). VEH-treated mdx mice had higher photon intensity measurements in both the

forelimbs and hindlimbs when compared to VEH-treated WT mice. Treatment of mdx mice

with CpdA7.5 and PNSL5.0 attenuated photon intensity in both the forelimb and hindlimb

muscles when compared to VEH-treated mdx mice.

CpdA and PNSL effects on histopathological parameters in the TA muscle of
mdx mice—Histological assessment of H&E sections were performed on the TA muscles

harvested from 8 week-old mdx mice. Figure 7 shows representative H&E sections from the

TA muscle and the percentage change (from the mean) in each parameter between VEH-

treated mdx mice and the other mdx groups. Treatment with CpdA7.5 reduced degenerative

myofibres (−52%), regeneration (−43%) and inflammatory infiltration (−55%). PNSL5.0

increased the percentage of degenerative fibres (+54%), which was associated with reduced

regenerative fibres (−59%). Despite the increased necrosis, there was reduced inflammatory

infiltration (−27%).

CpdA reduces inflammatory cytokine protein levels in GA muscles—The effects

of CpdA and PNSL on inflammation in the muscles of mdx mice were quantified by

analysing gene expression in GA muscles for the cytokines Il6 , Tnf and Ccl2 (Figure 8A).

Gene expression was measured using qPCR and expressed as RQ. There were no differences

in RQ between mdx mice groups for gene expression any of the cytokines. All genes
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discriminated between VEH-treated WT and mdx mice. Protein levels of six inflammatory

cytokines were measured in protein lysates from the same GA muscles via FACS (Figure

8B). IL-6, CCL2, TNF, IFNγ and IL-12p70 levels were all reduced in mdx mice treated with

CpdA3.75, CpdA7.5 or PNSL5.0. IL-10 levels were not reduced in any of the treatment

groups. All cytokines discriminated between VEH-treated WT and mdx mice, except for

IL-10.

CpdA reduces serum CK levels in mdx mice—Serum CK levels were markedly

elevated in VEH-treated mdx mice compared to VEH-treated WT mice (Figure 8C). Within

the mdx mice groups, all treatments reduced serum CK levels when compared to VEH-

treated mdx mice (CpdA3.75, −67%; CpdA7.5, −48%; PNSL5.0, −82%).

CpdA and PNSL have opposite effects on OPN protein levels in the GA
muscles of mdx mice—To study the relationship between the effects of CpdA on OPN

(Spp1 ) gene expression (Figure 8D) and protein levels (Figure 8E) in the GA muscles of

mdx mice, we used qPCR and an OPN ELISA. OPN gene expression was down-regulated in

mdx mice treated with CpdA7.5, but not with PNSL5.0. OPN protein levels were higher in

the PNSL group compared to the CpdA group. Gene expression and protein levels of OPN

were lower in VEH-treated WT mice compared to the VEH-treated mdx mice. There was a

significant correlation between OPN protein levels in the GA muscles of and the percentage

of necrotic myofibres in the TA muscles of mdx mice (r2 = 0.4147, p < 0.001; Figure 8F).

CpdA does not affect the weights of the GA, TA and EDL muscles in mdx mice
—PNSL5.0 reduced the weights of the GA, TA and EDL muscles in both WT (Figure 9A)

and mdx mice (Figure 9B). CpdA7.5 did not cause any decrease in TA or EDL weights in

either WT or mdx mice. The average weights of the GA (−23% and −29%) and TA (−21%

and −22%) muscles were reduced in PNSL5.0-treated WT and mdx mice. The GA muscles

of WT mice were also reduced (−8%) in the CpdA7.5 group, although this was not observed

for CpdA in the mdx mice.

CpdA and PNSL have differential effects on the expression of atrophy-related genes in GA
muscles of WT and mdx mice

To compare the effects of CpdA and PNSL in normal and dystrophic muscles, the

expression of a number of atrophy-related genes was analysed by qPCR in GA muscles and

liver of WT (Figure 9C) and mdx mice (Figure 9D). In WT mice, PNSL up-regulated

Foxo1 , Foxo3, Fbxo32, Trim63 and Mstn mRNA, while down-regulating Igf1 in both

muscle and hepatic tissue. CpdA did not cause any changes to the expression of these genes

in WT mice. In mdx mice, the effect of PNSL on the gene expression was less marked, with

only up-regulation in Foxo1 and Foxo3 in muscle and down-regulation of hepatic Igf1 . For

CpdA, Trim63 was down-regulated in mdx mice.

Discussion

This is the first study demonstrating the efficacy of CpdA in any muscle disease, including

DMD. Previous studies have focused on its ability to inhibit NF-κB in immune cells. NF-κB
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activation occurs via significantly different mechanisms in muscle and immune cells.

Contraction-induced injury in muscle is one such example. CpdA possesses anti-

inflammatory properties via selective transrepression through the GR. We have shown that

CpdA is an inhibitor of NF-κB in both muscle in vitro (C2C12 and H-2K mdx cells) and

immune cells in vivo. Our results support conclusions from previous studies [15] that

confirm the contribution of NF-κB signalling to the pathogenesis of DMD.

In study 1, CpdA improved absolute and normalized GSM in the forelimbs and hindlimbs of

mdx mice.

The improvements in absolute GSM were comparable to and, in the case of the hindlimb,

better than that observed in the PNSL-treated group. PNSL5.0 increased necrosis in the TA

and did not improve absolute GSM in the hindlimb. Weight-loss in PNSL-treated mice

contributed to the perceived improvement in normalized GSM. There were no differences in

ex vivo force contraction measurements using the EDL muscle. The difference in GSM and

ex vivo force contraction results may reflect the relative contribution of different muscle

groups in the performance of the GSM assay, and differences in the sensitivities of the

assays. Moreover, GSM is dependent on behavioural aspects of the mice and CpdA may

influence behaviour to improve performance in the GSM assay.

There were no statistical differences in histopathology between control and treatment mdx

mice groups. The variation in the severity of pathology between individual mice and

between muscles of the same mdx mouse [40], as well as the low-level chronic myonecrosis

in untreated sedentary mdx mice [41], makes statistical comparison very difficult [34,42].

When comparing the mean values, differences were observed between findings in studies 1

and 2. PNSL increased necrosis and decreased regeneration in study 1, while reducing

necrosis and increasing the number of regenerative fibres in study 2 (data not shown). CpdA

reduced the amount of necrosis in both studies, but improved regeneration only in study 2.

The recognized role that early inflammatory infiltration plays in the removal of necrotic

myofibres and signalling for initiating regeneration may explain these differences [43]. In

study 1, early PNSL and CpdA treatment may produce negative alterations in the signalling

networks between muscle and immune cells to diminish regenerative capacity.

PNSL increased muscle necrosis in study 1, while reducing it in study 2. Some possible

explanations include, for example, that mast cells rapidly accumulate and degranulate (by 8

h) in response to damage [40]. They play a pro-inflammatory role in the muscle of adult mdx

mice [40,44,45] but their role in very young mdx muscles is not known. Nonetheless, the

differential impact of PNSL and CpdA treatments on mast cell degranulation should be

considered.

Neutrophil accumulation in damaged muscle occurs early to achieve debris removal and

degradation at the site of injury. GCs, unlike CpdA, enhance neutrophil survival by

modifying pro-apoptotic signals [46] and this may represent another potential advantage of

CpdA and other SGRMs over GCs.

In damaged muscle, the macrophage population response transitions from Th-1-responsive

promoting satellite cell activation and proliferation, while inhibiting differentiation, to Th-2-

Huynh et al. Page 9

J Pathol. Author manuscript; available in PMC 2014 July 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



responsive for differentiation, growth and repair [47–49]. Both CpdA and GCs inhibit the

master Th-1 transcription factor, T-bet, by a transrepression mechanism [50]. However, GCs

inhibit, while CpdA induces, GATA-3 (the master Th-2 transcription) activity, both via

opposite effects on p38 MAPK-induced GATA-3 phosphorylation and its nuclear

translocation [51]. While both GCs and CpdA ultimately favour a Th-2 over a Th-1

response, GCs achieve this via preferential inhibition of the Th-1 response while CpdA

actively promotes the Th-2 response.

Muscle proteolysis through the ubiquitin– proteasome system is a dominant feature of GC-

induced muscle atrophy preferentially affecting fast-twitch (type-II) muscle (GA, TA and

EDL) fibres [52]. Fbxo32 and Trim63 are two ubiquitin ligases that target protein for

degradation in the proteasome machinery and are up-regulated by GCs through Foxo1 , a

transcription factor serving as a major switch for enhanced atrophy-related gene expression.

As expected, PNSL up-regulated Foxo1 , Foxo3 , Fbxo32 and Trim63 gene expression in

WT GA muscles. CpdA did not alter the expression of these genes in WT or mdx mice.

Interestingly, only Foxo1 and Foxo3 gene expression was increased in PNSL-treated mdx

mice. Enhanced NF-κB activity independently causes muscle atrophy possibly through

increased expression of Trim63 [53,54]. NF-κB inhibition by PNSL in mdx GA muscles

may account for the more favourable Fbxo32 and Trim63 gene expression profile observed

in our study. The combined neutral effect of CpdA in normal muscle and inhibition of NF-

κB in dystrophic muscle may explain the net down-regulation in Trim63 gene expression in

mdx mice. Muscle catabolism through the autophagy–lysosome pathway is mediated by

Foxo3 through Bnip3 [55]. The up-regulation of Foxo3 by PNSL, and the associated

increased autophagy, in both WT and mdx may represent a mechanism for the observed

relative reduction in myofibre damage and inflammation.

Our results support previous studies confirming the pathological role of GC-induced

augmentation of myostatin production in GC myopathy [56]. Myostatin negatively regulates

muscle mass by inhibiting satellite cell proliferation and differentiation, reducing protein

synthesis and altering muscle metabolism [57]. The up-regulation of Mstn gene expression

by PNSL in WT mice was not observed with CpdA treatment. In sarcopenia, myostatin

promotes the generation of ROS where NF-κB activity is elevated, and this is reversed in

old Mstn null mice [58]. No differences were found in Mstn gene expression in the 8 week-

old PNSL-treated and VEH-treated mdx mice in our study. NF-κB inhibition by PNSL may

contribute to its neutral effect on Mstn gene expression in this group of mice.

IGF-1, produced predominantly in the liver but also in local tissues (muscle and bone), is a

growth factor that stimulates myoblast proliferation and differentiation during myogenesis

and muscle regeneration and mediates hypertrophy of growing myofibres [59,60]. GCs

suppresses the GH–IGF-1 axis (resulting in reduced hepatic IGF-1 production) and also has

a negative effect on muscle IGF-1 production [61]. IGF-1, in turn, plays a critical role in

antagonizing the catabolic action of GCs [62]. In our study, PNSL reduced IGF-1 gene

expression in WT (liver and GA) and mdx mice (liver), while CpdA had no effect on IGF-1

gene expression.
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Increased OPN, predominantly from immune cells and myoblasts, is a striking feature of

dystrophic muscles [63]. The presence of OPN appears to: correlate with necrosis [64]; be

integral in the facilitation and modulation of the immune response; be essential for

regeneration [65]; and mediate fibrosis [63]. In our study, OPN gene (Spp1 ) expression and

protein levels in GA muscles were higher in mdx mice compared to WT mice. Interestingly,

CpdA treatment in mdx mice, associated with reduced necrosis, reduced Spp1 expression

relative to VEH-treated mdx mice. In contrast, PNSL treatment was associated with more

necrosis, unaltered Spp1 and higher OPN protein level. Our results support a correlation (r2

= 0.4147) between higher OPN levels and myonecrosis in dystrophic muscle.

We have demonstrated that selective signalling through the GR using CpdA modulates

detrimental pathways such as NF-κB, while exerting positive influences on modifier genes

(Foxo1 , Foxo3 , Fbxo32 , Trim63 , Mstn, Igf1 and Spp1 ) and improving a range of outcome

measures in mdx mice. Further studies investigating the relative contributions of GR

signalling in dystrophic muscle would enhance our understanding of the disease and

promote more targeted approaches to developing therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Animal studies experimental design. Study 1 commenced at 18 days and study 2 at 4 weeks.

Treatments were given daily and weights measured at commencement of study and then

weekly. Studies 1 and 2 differ with regard to assays performed and numbers per group.

GSM, grip strength measurement; Digiscan, open field behavioural activity measurements.

Details of treatments of groups are provided in Table S1 (see Supplementary material)
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Figure 2.
Western blot with densitometry analysis of p65 nuclear translocation in H-2K mdx (A)

myoblasts and (B) myotubes. CpdA reduces TNF-induced p65 nuclear translocation in

H-2K mdx myoblasts and myotubes. H-2K muscle cells were pretreated with 1% DMSO, 10

µM PNSL or 4 µM CpdA before stimulation with 10 ng/ml TNF, as described in Materials and

methods. The study included a DMSO-treated, non-stimulated control. A minimum of three

independent experiments were performed. Densitometry measurements are expressed as

mean ± SEM. Statistical analysis of densitometry was performed using one-way ANOVA

and Dunnett’s post-test comparison with the DMSO-treated, non-stimulated controls. TNF–,

DMSO-treated, non-stimulated; TNF+, DMSO-treated, TNF-stimulated; PNSL, PNSL-

treated, TNF-stimulated; CpdA, CpdA-treated, TNF-stimulated: *p < 0.05; **p < 0.01; ***p

< 0.001
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Figure 3.
(A) Pomc gene expression, (B) Sgk1 gene expression and (C) media ACTH protein levels in

experiments involving AtT-20/D16v–F2 pituitary corticotrophs. CpdA does not cause GR-

related transactivation of genes (Pomc and Sgk1) involved in the feedback regulation of the

hypothalamic–pituitary–adrenal (HPA) axis, and therefore preserves ACTH secretion in

AtT-20/D16v–F2 murine corticotrophs. AtT-20/D16v–F2 cells were pretreated with 1%

DMSO, 1 or 10 µM PNSL or 1 or 4 µM CpdA, as described in Materials and methods. Three

independent experiments were performed for each study. Measurements are expressed as

mean ± SEM; *p < 0.05; **p< 0.01; ***p < 0.001
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Figure 4.
(A, B) Tibial length and (C, D) weekly BWs were compared between CpdA and PNSL in

WT and mdx mice, in both of which CpdA preserves long bone growth and patterns of

weight gain. All comparisons were made with VEH-treated WT or mdx controls. In all

analyses, n = 15/group. Measurements are expressed as mean ± SEM; all drug doses in

mg/kg/day: *p < 0.05; **p < 0.01; ***p< 0.001
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Figure 5.
(A–D) GSM, (E–I) absolute voluntary locomotor activity assessed by open-field behavioural

activity measurements, and (J–L) voluntary locomotor activity normalized to movement

time in WT and mdx mice. CpdA has positive effects on grip strength measurement (GSM)

and voluntary locomotor activity. Absolute and normalized (to BW at the start of the testing

period) strength was improved by intrperitoneal CpdA 7.5 mg/kg/day in both forelimbs and

hindlimbs, while PNSL oral 5.0 mg/kg/day reduced absolute hindlimb GSM in WT mice. In

mdx mice, CpdA 7.5 mg/kg/day increased the horizontal activity normalized for movement

time. All comparisons were made with VEH-treated controls. Differences in all GSM

parameters existed between WT and mdx mice. All measurements are expressed as mean ±
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SEM; all groups, n = 15; all drug doses in mg/kg/day. See Materials and methods for details

of drug treatments and GSM testing. GSMs were performed by the same individual, who

was blinded to mouse strain and treatment group: *p < 0.05, **p < 0.01; ***p < 0.001
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Figure 6.
Quantification of inflammation in (A) forelimb and (B) hindlimb muscles by measurement

of cathepsin-B activity via live-animal optical imaging of WT and mdx mice. CpdA reduces

photon intensity, a surrogate marker for inflammation, in both the forelimb and hindlimb

muscles of mdx mice. Measurements were performed at 7 weeks of age and expressed as

photon intensity (photon count/mm2). Comparisons were made between VEH-treated WT

and VEH-treated mdx groups. Within mdx groups, comparisons were made with the VEH-

treated group. All measurements are expressed as mean ± SEM; WT VEH, n = 7; mdx VEH,

n = 8; mdx CpdA 7.5, n = 10; mdx PNSL 5.0, n = 9; all drug doses in mg/kg/day: *p < 0.05;

**p < 0.01; ***p < 0.001
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Figure 7.
Percentage of (A) degenerative fibres, (B) regenerative fibres and (C) inflammatory foci in

the TA muscle of mdx mice, with representative H&E-stained sections from VEH-, CpdA-

and PNSL-treated mice. CpdA did not improve histopathological parameters in the tibialis

anterior (TA) muscles of mdx mice when treatment was commenced before the peak

necrosis period (18 days). Comparisons were made with the VEH-treated group and

percentage changes in parameters were calculated from the means. Histopathological

parameters were scored on one cross-section of an entire TA at ×40 magnification in a
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blinded fashion, using an accepted standard operating protocol from Treat-NMD, as

described in Materials and methods. Measurements are expressed as mean ± SEM; all

groups, n = 12; all drug doses in mg/kg/day: *p < 0.05; **p < 0.01; ***p < 0.001
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Figure 8.
(A) GA cytokine gene expression, (B) GA cytokine protein levels assessed via FACS, (C)

serum CK levels, (D) GA Spp1 gene expression, (E) GA OPN protein levels and (F)

correlation between percentage degenerative fibres in the tibialis anterior and OPN protein

levels in the GA were measured and calculated as described in Materials and methods.

Inflammatory cytokine protein levels and osteopontin (OPN) gene (Spp1) expression in GA

muscles, as well as serum creatine kinase (CK) levels, are reduced by CpdA in mdx mice.

Comparisons were made between VEH-treated WT and VEH-treated mdx mice. Within the

mdx groups, comparisons are made with the VEH-treated mdx group. Measurements are

expressed as mean ± SEM; for CK levels, n = 15/group; cytokine gene expression, n = 5/

group; cytokine protein levels, n = 12/group; OPN qPCR, WT, n = 5 and mdx groups, n = 8;

OPN protein levels, WT, n = 6 and mdx groups, n = 10. All measurements are expressed as

mean ± SEM; all drug doses in mg/kg/day: *p < 0.05; **p < 0.01; ***p < 0.001
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Figure 9.
(A, B) Muscle weights and (C, D) atrophy-related gene expression in gastrocnemius (GA)

muscles (quadriceps muscles for Foxo3 analysis) were compared in WT and mdx mice, in

both of which CpdA has less effect on muscle mass and causes fewer adverse changes in the

expression of genes related to the maintenance of muscle mass than PNSL. All comparisons

are made with VEH-treated WT or mdx controls. In all analyses, n = 15/group, except in

gene expression studies in GA muscles, where WT, n = 5 and mdx,n = 8–10. For Foxo3

gene expression studies in quadriceps muscles, WT and mdx,n = 8 or 9. Measurements are

expressed as mean ± SEM. GA and tibialis anterior (TA) weights were an average of both

left and right muscles, while extensor digitorum longus (EDL) weights were only taken from

the left muscle, due to use of the right EDL for in vitro force contraction studies. All drug

doses in mg/kg/day: *p < 0.05; **p < 0.01; ***p < 0.001
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