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Abstract  

Combined xIL-6R and urocortin-2 treatment restores mdx diaphragm muscle force. 

Introduction 

Duchenne muscular dystrophy (DMD) is characterized by progressive muscle degeneration 

leading to immobility, respiratory failure and premature death. As chronic inflammation and 

stress are implicated in DMD pathology, the efficacy of an anti-inflammatory and anti-stress 

intervention strategy in ameliorating diaphragm dysfunction was investigated.  

Methods 

Diaphragm muscle contractile function was compared in wild-type and dystrophin-deficient 

mdx mice treated with saline, anti-IL-6R antibodies (xIL-6R), the corticotrophin-releasing 

factor receptor 2 (CRFR2) agonist, urocortin 2 or both xIL-6R and urocortin 2.  

Results 

Combined treatment with xIL-6R and urocortin 2 rescued impaired force in mdx diaphragms. 

Mechanical work production and muscle shortening was also improved by combined drug 

treatment.  

Discussion 

Treatment which neutralizes peripheral IL-6 signaling and stimulates CRFR2 recovers force-

generating capacity and the ability to perform mechanical work in mdx diaphragm muscle. 

These findings may be important in the search for therapeutic targets in DMD. 

 

Keywords: Interleukin-6, corticotrophin-releasing factor, urocortin 2, mdx, diaphragm, 

monoclonal. 
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Introduction 

Patients with Duchenne muscular dystrophy (DMD) are deficient in the functional protein 

dystrophin, which protects muscle fibers from mechanical stresses induced by cellular 

contraction
1,2

. The most obvious and debilitating characteristic feature of DMD is the 

progressive degeneration and weakening of striated muscles resulting in severe disability and 

premature death
3
. Cardiopulmonary failure dominates disease morbidity in the later stages 

and pulmonary insufficiency is the leading cause of premature death
4
. As repeated 

contraction and load bearing on striated muscle determines the severity of the pathological 

signature in DMD muscle, continuous diaphragmatic contractions result in severe 

degeneration of this organ. Patients suffer reduced vital capacity, aberrant blood gas 

regulation and are prone to sleep-disordered breathing
5
. Indeed, artificial ventilation has 

proved effective in extending lifespan in DMD patients
6,7

.  

 

Dystrophin-deficient skeletal muscles exhibit altered calcium handling and abnormal 

regulation of reactive oxygen species and nitric oxide
8
. Additionally, chronic inflammation as 

evidenced by elevated levels of cytokines, leukocyte adhesion and complement system 

activation
9
, is likely to contribute to muscle dysfunction. Pro-inflammatory cytokines such as 

tumor necrosis factor (TNF)
10

 and interleukins (IL)-1 and -6
9
 are early indicators of the 

disease, and the inflammatory response worsens with disease progression. The pro-

inflammatory cytokine IL-6, is secreted by skeletal muscle following exercise and due to 

local inflammation
11,12

 but is also released by immune cells, neurons
13

 and epithelial cells
14

. 

Circulating IL-6 levels are elevated in DMD patients
15,16

 and in the diaphragm of dystrophin-

deficient mdx mice
17

. Although mdx mice generally exhibit a milder phenotype than the 

human disease, pathological changes in the diaphragm are faithfully recapitulated
18-20

, 
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making the mdx mouse appropriate for studying interventions seeking to ameliorate 

diaphragm dysfunction. The diaphragm muscle undergoes inflammation and becomes 

fibrotic, with collagen replacing functional fibers
22

, resulting in a substantial loss of force 

production
1,18,21

. Interestingly, Kostek et al. demonstrated that blocking IL-6 signaling with 

an IL-6 receptor antibody, raised levels of inflammatory markers in gastrocnemius muscle in 

mdx mice, with an 11% increase in hind limb strength, which failed to reach statistical 

significance. There was no effect on forelimb strength
23

. Conversely, in mdx diaphragm, this 

treatment strategy favored an anti-inflammatory response and improved muscle repair
24

. 

However, the functional effects of this strategy have not been assessed. 

 

DMD patients frequently exhibit co-morbid anxiety and depression
25

 and depression- and 

anxiety-like behaviors are also evident in mdx mice
26

. Indeed, amitriptyline, an anti-

depressant with anti-inflammatory effects caused alterations in circulating IL-6 levels 

associated with decreased inflammation in skeletal limb muscles
26

. Although mdx mice are 

stress-sensitive
26

, the hypothalamic-pituitary-adrenal (HPA) stress axis, which is activated by 

the binding of corticotrophin-releasing factor (CRF) to either CRF1 or CRF2 receptors 

(CRFR1 or CRFR2), appears to be intact
27

. Nonetheless, treatment with the CRFR2 agonist, 

urocortin2 (Uro2), reduced inflammation in skeletal muscle with an associated improvement 

in diaphragm function in mdx mice
28

, an effect attributed to increased muscle mass, 

modulated proteolysis and activation of anabolic signaling pathways
29

. Given that the current 

treatment for DMD, corticosteroids, are associated with unwanted side-effects, we sought to 

investigate whether more targeted treatment strategies using monoclonal IL-6 receptor (xIL-

6R) antibodies and/or Uro2, which have both been shown to be beneficial with regard to 
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dystrophinopathies, may be beneficial in terms of ameliorating diaphragm muscle 

dysfunction in the mdx mouse. 
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Material and Methods  

Ethical approval 

All experiments involving animals were conducted under national license in full accordance 

with European Union directives and following institutional animal ethics committee 

approval.  

 

Animals and Experimental Design 

Breeding pairs of dystrophin-deficient C57BL/10ScSn-Dmd
Mdx

/J (mdx, dystrophic) and 

C57BL/10ScSn wild type (WT) mice were purchased from Jackson Laboratories (Bar 

Harbor, Maine, U.S.A). Colonies were established and maintained in our institutional animal 

facility. Weaned mice were housed in groups of up to 4 per cage, and kept in a 12h light/12h 

dark
 
cycle (06:00-18:00 light hours), with

 
free access to drinking water and standard chow. 

Male mice were used for studies. Power calculations with an effect size of 2, power of 0.9 

and false positive rate (α) of 0.05, were used to determine group sizes of at least n=6 per 

group. Diaphragm tissue was harvested from animals used in a previously published study
30

. 

 

Diaphragm contractile function was assessed in untreated dystrophin-deficient mdx mice 

compared with WT mice (10 weeks old) confirming a significant respiratory muscle 

phenotype in mdx at this age (figure 1A). In the intervention study, a treatment regimen 

amended from previous studies
23,28

 was used. Mdx mice were randomly assigned to one of 

four groups, administered either saline (0.9% NaCl, 6 subcutaneous injections on alternate 

days over two weeks); anti-IL-6 receptor antibodies (xIL-6R, 0.2mg/kg body weight, 6 

subcutaneous injections on alternate days over two weeks (MR16-1, Chugai Pharmaceutical 

Co., Ltd, Tokyo, Japan); the CRFR2 agonist, urocortin 2 (Uro2, 30µg/kg body weight, 6 
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subcutaneous injections on alternate days over two weeks, Sigma Aldrich, St Louis, MO, 

USA) or a combination of both xIL-6R and Uro2 (6 subcutaneous injections on alternate days 

over two weeks). The experimental protocol is illustrated in Figure 1B. Animals were 

handled prior to the intervention to habituate animals to the associated stress and all 

injections were carried out by the same researcher. The investigator was not blinded to the 

intervention groups during data collection but subsequent analysis of the data was blinded. 

 

Tissue collection 

Mice were euthanized by decapitation and exsanguination. The diaphragm was excised and 

maintained in ice-cold 95% O2 / 5% CO2-bubbled Krebs solution consisting of (in mmol/L): 

NaCl, 117; KCl, 4.8; CaCl2, 2.5; MgCl2, 1.2; NaHCO3, 25; NaH2PO4, 1.2; and D-glucose 11.  

 

Ex vivo diaphragm muscle function 

A 3mm longitudinal strip of costal diaphragm was dissected with central tendon attached, 

extending to a rib. Cotton thread was tied to the central tendon and the preparation was 

arranged vertically in a tissue bath with 95% O2 / 5% CO2-bubbled Krebs solution maintained 

at 37
 º
C, with the rib tied to a hook at the base of the tissue holder and the tendon attached to 

a dual-mode force transducer (Aurora Scientific Inc., ON, Canada), which can isolate force 

and length independently allowing assessment of isometric and isotonic muscle performance. 

Electrical field stimulation of the diaphragm strips was evoked using two silver electrodes 

running vertically on either side of the diaphragm strip. The optimum length (LO) of each 

muscle preparation (i.e. the length which produces the maximal isometric twitch force in 

response to supra-maximal stimulation) was determined by incrementally adjusting a 
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micropositioner which altered muscle length between intermittent stimulations (1ms, 80V). 

Once determined, the muscle was held at LO for the duration of the experiment.  

 

A single twitch was elicited (supra-maximal voltage) and the twitch force, contraction time 

(time to peak force) and half-relaxation time (time for peak force to decay by 50%) were 

determined. Tetanic force in response to supra-maximal stimulation (100Hz, 300ms) was 

determined. Muscle peak shortening and maximum shortening velocity were determined 

under zero load conditions, the latter from the first detectable length change during the first 

30ms of each contraction
31–33

 .Mechanical work was calculated as the product of force x 

shortening (normalized to LO).  Mechanical power was calculated as the product of force x 

velocity (LO/s) of muscle shortening. Peak work and peak power were determined from 

contractions performed under varying load conditions
31–33

. 

 

Statistical Analysis 

The data are represented as mean values ± the standard error of the mean (SEM). Student t-

tests or one-way ANOVA (with Newman-Keuls post hoc tests) were used to compare 

parameters between groups; p<0.05 was considered statistically significant.   
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Results 

Combination treatment with xIL-6R and Uro2 recovers mdx diaphragm force 

production 

Mdx diaphragms have significantly reduced peak specific twitch force in response to a single 

supra-maximal stimulus compared with WT mice (Figure 2A). However, time to peak in mdx 

(30±2 ms) and WT (20±3 ms, p>0.05) and the time taken for the peak force to decay by 50% 

in mdx (20±5 ms) and WT (20±2 ms, p>0.05) mice were not different. In a separate cohort of 

mdx mice, assessment of diaphragm peak specific twitch force production determined that 

intervention with xIL-6R did not improve muscle function compared with saline-treated mdx 

mice (p>0.05). Diaphragms from mdx animals treated with Uro2 or the combined treatment 

of xIL-6R and Uro2 showed trends towards higher peak specific twitch force compared with 

saline-treated mdx mice (Figure 2A). In comparison to WT forces, combined treatment with 

xIL-6R and Uro2 in mdx mice, reflects a recovery to 97% of the control values. 

 

In response to tetanic stimulation (100Hz, 300ms), peak specific tetanic forces evoked in mdx 

diaphragms were significantly reduced compared with WT mice (Figure 2B). The weak peak 

specific tetanic force in saline-treated mdx diaphragm muscles was not significantly improved 

by treatment with either xIL-6R (p>0.05) or Uro2 alone (p>0.05). However, peak specific 

tetanic force was significantly increased following combined treatment with xIL-6R and 

Uro2 (Figure 2B) compared with saline-treated mdx, restoring values to 93% of the WT 

diaphragm.  

 

Work and power production in mdx diaphragm are improved by treatments 
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Further analysis of diaphragm muscle function in the mdx cohort demonstrated that peak 

specific shortening (L/Lo) was increased in xIL-6R-treated mdx diaphragms and combined 

xIL-6R- and Uro2-treated mdx diaphragms, but not Uro2-treated diaphragms compared with 

saline-treated mdx controls (Figure 3A). Peak diaphragm specific work, the product of 

contractile force and length of shortening, was significantly higher in mdx diaphragms from 

animals receiving the combined treatment of xIL-6R and Uro2 compared with saline-treated 

mdx, but not for either treatment alone (Figure 3B). Contraction kinetics were significantly 

improved in xIL-6R-treated group, but not different between saline treated and Uro2 or 

combination-treated mdx mice (Figure 3C). Peak specific power production of mdx 

diaphragm muscle strips was increased by all treatments compared with saline-treated mdx 

diaphragms (p<0.05 ANOVA), but this failed to achieve statistical significance for any of the 

three independent treatment groups (Figure 3D).   

Page 13 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  11 

 

 

 

Discussion 

Diaphragm degeneration, fibrosis and dysfunction are evident in the mdx mouse, faithfully 

recapitulating human DMD
18,35,36

. Consistent with reports of reduced muscle strength, 

elasticity, twitch speed and fiber length
18

, we have similarly demonstrated that contraction 

force is attenuated in mdx diaphragm muscle. Our data demonstrate that an intervention 

treatment which inhibits peripheral IL-6 signaling and activates CRFR2 signaling has 

beneficial outcomes for diaphragm function in mdx mice, improving force-generating 

capacity and work production. 

 

Dystrophin anchors the extracellular matrix to cytoskeletal F-actin and is associated with 

intermediate muscle fiber filaments in the extracellular matrix protein complex. This complex 

spans the sarcolemma and provides skeletal muscle with protection from contraction-induced 

damage
1
; thus dystrophin deficiency is likely to alter the threshold for work-induced injury in 

muscle fibers. Isotonic muscle contractions that induce changes in muscle length can cause 

micro lesions in muscle fibers, which initiate a cascade of events that are detrimental to fiber 

health and function
37,38

. Thus, the isotonic properties of mdx muscle fibers are particularly 

relevant to understanding dystrophin-deficient muscle fiber pathology. Similar to other 

reports
18,19,39–41

, our study in 10-week old mdx mice established that diaphragm weakness is a 

hallmark signature of dystrophin loss. In response to single and tetanic stimuli mdx 

diaphragm muscle strips generated considerably lower contractile forces. As force generation 

is relative to the number of functional cross bridge connections made during skeletal muscle 

contraction
42,43

, muscle weakness is likely to be due to the loss of functional muscle fibers 

and an increase in connective tissue
22,44

. Changes in isometric contractile kinetics can 

indicate changes in muscle fiber type or changes in calcium handling in myocytes. However, 
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despite evidence that aged mdx mice exhibit slowing of actomyosin interactions
45

,
46

, we 

found no significant differences between WT and mdx mice in contractile kinetics, although 

the data should be viewed cautiously as the study may have been underpowered for this 

analysis. Peak specific tetanic force was the primary outcome measure in our study. Impaired 

mechanical work production has been reported previously in mdx diaphragm
47

. 

 

In addition to loss of the regenerative capacity of muscle fibers
48,49

 and weaker branched 

muscle
50

, loss of dystrophin from striated muscles is associated with inflammatory 

upregulation
9,51,52

. Indeed, the extent of the chronic inflammatory response is thought to 

predict the severity of the pathological changes associated with dystrophin-deficiency
9
. The 

potent anti-inflammatory effects of glucocorticoids, which are secreted following activation 

of the HPA axis by CRF, are the most effective therapy to date to slow down progression of 

DMD but are associated with unwanted side-effects. More specific targeting of immune 

and/or stress factors may provide novel therapeutic strategies with fewer side-effects. Indeed, 

inhibitors of NFκB have shown promise in improving mdx muscle pathology
53

 such as a 

recent study which revealed improvements in mdx diaphragm force following NFκB 

inhibition with ursodeoxycholic acid
54

. The pro-inflammatory cytokine IL-6, involved in 

skeletal muscle metabolism and maintenance and remodeling of myocytes, as well as 

regeneration after exercise and damage
55,56

, is reported to be elevated in mdx tissue
23,26,57

.  

 

The efficacy of blocking IL-6 signaling with xIL-6R in other inflammatory diseases such as 

rheumatoid arthritis and Castleman disease has been demonstrated
56,59

. Blocking IL-6 

signaling can result in muscle regeneration via immune modulation
60

 and mdx mice perform 

better on a treadmill test following 2 weeks of treatment with xIL-6R with associated 
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downregulation of diaphragm pro-inflammatory markers
61

. We have previously determined 

that xIL-6R administration prevents gastrointestinal dysfunction in the same animals as those 

used in the present study
30

. However, another report unexpectedly detected increased 

inflammation in limb muscles and found no changes in diaphragm muscle regeneration
23

. In 

our study, in vivo administration of xIL-6R alone over two weeks had only modest protective 

effects on mdx diaphragm function; mdx muscle force was not significantly changed by xIL-

6R treatment. The degree of muscle shortening and the velocity of this contraction was 

increased compared with saline-treated mdx tissue, but mdx diaphragm muscle peak work and 

peak power were only partially recovered and did not reach significance. As implicated by 

some studies using this treatment strategy, global reduction in inflammation is a possible 

mechanism underlying improved muscle function in mdx mice. However, Kostek and 

colleagues reported increased inflammation in mdx limb muscles following administration of 

xIL-6R after 5 weeks of treatment
23

. Evidence accruing is starting to suggest that the timing 

of the xIL-6R treatment may be crucial in terms of improved muscle function and altered 

inflammatory profiles
24

.  

 

We also investigated the potential therapeutic benefits of the CRFR2 agonist, Uro2. Previous 

studies demonstrated that activation of CRFR2 reduces skeletal muscle atrophy in limb 

muscles and increases muscle mass
29,62,63

. Uro2 has also recently been shown to improve 

skeletal muscle structure and function in mdx mice when administered in early life
28

. In our 

studies, 2 weeks of treatment with Uro2 in mdx mice increased diaphragm muscle force, 

although the effects failed to achieve statistical significance. Uro2 did not alter the contractile 

kinetics of mdx diaphragm contractions. These results differ to the observation of increased 

contractile kinetics following urocortin treatment reported by others
28

. However, as the Uro2 
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treatment group in our studies only had an n of 5, we acknowledge that this group was likely 

underpowered and this is a limitation of our study. CRFR2 agonists stimulate anabolic 

signaling pathways, promoting hypertrophy and reducing muscle necrosis, and have been 

shown to have beneficial effects in the limb muscles of mdx mice
29,40

. Uro2 probably 

promotes muscle hypertrophy and delays apoptosis of macrophages, as well as slowing 

muscle atrophy. However, it is worth noting that activation of CRFR2 may promote a pro-

inflammatory environment through NFĸB dependent induction of pro-inflammatory IL-8
64

, 

which could limit its potential use in the treatment of DMD.  

 

Since evidence exists for crosstalk between the stress factor, CRF and the immune mediator, 

IL-6 in neural
65

, smooth
66

 and cardiac tissues
67

, we assessed the potential benefits of a 

combination therapy of both xIL-6R and Uro2 to improve the inflammatory environment of 

mdx diaphragm muscle using different but complementary mechanisms. Our study revealed 

that combined drug therapy was most effective in restoring diaphragm force-generating 

capacity. Indeed, peak specific force and peak specific mechanical work production were 

equivalent in mdx mice receiving the combination treatment compared with WT diaphragm. 

Peak shortening, which occurs under zero load conditions was improved by xIL-6R 

treatment, which may relate to decreased muscle fibrosis and improved muscle mechanics. 

There was no significant effect of Uro-2 alone on peak shortening. As such the combination 

therapy was equivalent to xIL-6R alone. Improvement in peak shortening does not translate 

to improved peak work, as peak work occurs at 30-40% load (% of max force) in mouse 

diaphragm
30

. xIL-6R alone did not affect peak work, whereas the combination therapy 

significantly increased peak work, illustrating that the beneficial effect of the combined 
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therapy on mechanical work related predominantly to the positive inotropic effect of the drug 

interventions on muscle force.  

 

In conclusion, our findings show that xIL-6R and Uro2 treatments alone have modest 

beneficial effects on mdx diaphragm muscle function, but when administered together the 

inotropic effects are such that diaphragm peak force-generating capacity is impressively 

restored to WT values. Diaphragm muscle force is regarded as a clinically relevant parameter 

given that diaphragm weakness has prognostic value for patient outcome in the critical care 

setting
68

. Our study implicates IL-6R- and CRFR-mediated signaling in dystrophin-deficient 

respiratory muscle pathophysiology and has identified a combinational therapy which 

restores aspects of diaphragm function in the dystrophic mdx mouse, representing a strategy 

worthy of further consideration in the search for therapies for the treatment of DMD. 

  

Page 18 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  16 

 

 

 

Abbreviations: Ca
2+

, calcium; CRF, corticotropin releasing factor; CRFR, CRF receptor; 

HPA, hypothalamic-pituitary-adrenal; IL, interleukin; IL-6R, interleukin-6 receptor; xIL-6R, 

anti-IL-6R. 

 

  

Page 19 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  17 

 

 

 

References 

1.  Petrof B, Shrager JB, Stedman HH, Kelly AM, Sweeney HL. Dystrophin protects the 

sarcolemma from stresses developed during muscle contraction. Proc Natl Acad Sci U 

S A. 1993 Apr 15;90(8):3710–4.  

2.  Gumerson JD, Michele DE. The dystrophin-glycoprotein complex in the prevention of 

muscle damage. J Biomed Biotechnol. 2011 Jan;2011:1–13.  

3.  Yiu E, Kornberg A. Duchenne muscular dystrophy. Neurol India. 2008;56(3):236–47.  

4.  Beck J, Weinberg J, Hamnega C-H, Jadranka S, Olofson J, Grimby G, et al. 

Diaphragmatic function in advanced Duchenne muscular dystrophy. Neuromuscul 

Disord. 2006;16:161–7.  

5.  Simonds AK, Muntoni F, Heather S, Fielding S. Impact of nasal ventilation on 

survival in hypercapnic Duchenne muscular dystrophy. Thorax. 1998 Nov;53(11):949–

52.  

6.  Vianello A, Bevilacqua M, Salvador V, Cardaioli C, Vincenti E. Long-term nasal 

intermittent positive pressure ventilation in advanced Duchenne’s muscular dystrophy. 

Chest. 1994;105(2):445–8.  

7.  Simonds A. Home Mechanical Ventilatio:. An Overview. Annals of the American 

Thoracic Society. 2016;  

8.  Allen DG, Whitehead NP, Froehner SC. Absence of Dystrophin Disrupts Skeletal 

Muscle Signaling: Roles of Ca2+, Reactive Oxygen Species, and Nitric Oxide in the 

Development of Muscular Dystrophy. Physiological reviews 2016;96(1):253-305. 

9.  Porter JD, Khanna S, Kaminski HJ, Rao JS, Merriam AP, Richmonds CR, et al. A 

chronic inflammatory response dominates the skeletal muscle molecular signature in 

dystrophin-deficient mdx mice. Hum Mol Genet. 2002 Feb 1;11(3):263–72.  

Page 20 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  18 

 

 

 

10.  Radley HG, Davies MJ, Grounds MD. Reduced muscle necrosis and long-term 

benefits in dystrophic mdx mice after cV1q (blockade of TNF) treatment. 

Neuromuscular disorders : NMD. 2008 Mar;18(3):227–38.  

11.  Jonsdottir IH, Schjerling P, Ostrowski K, Asp S, Richter EA, Pedersen BK. Muscle 

contractions induce interleukin-6 mRNA production in rat skeletal muscles. J Physiol. 

2000 Oct 1;528 Pt 1:157–63.  

12.  Pedersen BK, Febbraio MA. Muscle as an Endocrine Organ : Focus on Muscle-

Derived Interleukin-6. Physiol rev. 2008;88:1379–406.  

13.  März P, Cheng JG, Gadient RA, Patterson PH, Stoyan T, Otten U, et al. Sympathetic 

neurons can produce and respond to interleukin 6. Proc Natl Acad Sci U S A. 1998 

Mar 17;95(6):3251–6.  

14.  Ding SZ, Cho CH, Lam SK. Regulation of interleukin 6 production in a human gastric 

epithelial cell line MKN-28. Cytokine. 2000 Jul;12(7):1129–35.  

15.  Rufo A, Del Fattore A, Capulli M, Carvello F, De Pasquale L, Ferrari S, et al. 

Mechanisms inducing low bone density in Duchenne muscular dystrophy in mice and 

humans. J Bone Miner Res. 2011 Aug;26(8):1891–903.  

16.  Messina S, Vita GL, Aguennouz M, Sframeli M, Romeo S, Rodolico C, et al. 

Activation of NF-kappaB pathway in Duchenne muscular dystrophy: relation to age. 

Acta Myol. 2011 Jun;30(1):16–23.  

17.  Pelosi L, Berardinelli MG, Forcina L, Spelta E, Rizzuto E, Nicoletti C, et al. Increased 

levels of interleukin-6 exacerbate the dystrophic phenotype in mdx mice. Human 

Molecular Genetics. 2015;24(21):6041–53.  

18.  Stedman HH, Sweeney HL, Shrager JB, Maguire HC, Panettieri RA, Petrof B, et al. 

The mdx mouse diaphragm reproduces the degenerative changes of Duchenne 

Page 21 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  19 

 

 

 

muscular dystrophy. Nature. 1991 Aug 8;352(6335):536–9.  

19.  Petrof B, Stedman H, Shrager J, Eby J, Sweeney H, Kelly A. Adaptations in myosin 

heavy chain expression and contractile function in dystrophic mouse diaphragm. 1Am 

J Physiol. 1993;Sep(365 (3 Pt 1)):834–41.  

20.  Coirault C, Pignol B, Cooper RN, Butler-Browne G, Chabrier P-E, Lecarpentier Y. 

Severe muscle dysfunction precedes collagen tissue proliferation in mdx mouse 

diaphragm. J Appl Physiol (1985). 2003 May;94(5):1744–50.  

21.  Bates G, Sigurdardottir S, Kachmar L, Zitouni NB, Benedetti A, Petrof BJ, et al. 

Molecular, cellular, and muscle strip mechanics of the mdx mouse diaphragm. AJP 

Cell physiology. 2013 May 1;304(9):C873–80.  

22.  Turgeman T, Hagai Y, Huebner K, Jassal DS, Anderson JE, Genin O, et al. Prevention 

of muscle fibrosis and improvement in muscle performance in the mdx mouse by 

halofuginone. Neuromuscular disorders : NMD. 2008 Nov;18(11):857–68.  

23.  Kostek M, Nagaraju K, Pistilli E, Sali A, Lai S-H, Gordon B, et al. IL-6 signaling 

blockade increases inflammation but does not improve muscle function in the mdx 

mouse. BMC Musculoskelet Disord. 2012 Jun 20;13(1):106.  

24.  Pelosi L, Berardinelli MG, De Pasquale L, Nicoletti C, D’Amico A, Carvello F, et al. 

Functional and Morphological Improvement of Dystrophic Muscle by Interleukin 6 

Receptor Blockade. EBioMedicine. 2015;2(4):285–93.  

25.  Fitzpatrick C, Barry C, Garvey C. Psychiatric disorder among boys with Duchenne 

muscular dystrophy. Dev Med Child Neurol. 1986;Oct(28(5)):589–95.  

26.  Manning J, Kulbida R, Rai P, Jensen L, Bouma J, Singh S, et al. Amitriptyline is 

efficacious in ameliorating muscle inflammation and depressive symptoms in the mdx 

mouse model of Duchenne muscular dystrophy. Experimental Physiology. 2014;Oct 

Page 22 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  20 

 

 

 

1(99(10)):1370–86.  

27.  Yamamoto K, Yamada D, Kabuta T, Takahashi A, Wada K, Sekiguchi M. Reduction 

of abnormal behavioral response to brief restraint by information from other mice in 

dystrophin-deficient mdx mice. Neuromuscular Disorders. 2010;20(8):505–11.  

28.  Reutenauer-Patte J, Boittin F-X, Patthey-Vuadens O, Ruegg UT, Dorchies OM. 

Urocortins improve dystrophic skeletal muscle structure and function through both 

PKA- and Epac-dependent pathways. Vol. 180, Am J Pathol. 2012. p. 749–62.  

29.  Hall JE, Kaczor JJ, Hettinga BP, Isfort RJ, Tarnopolsky MA. Effects of a CRF2R 

agonist and exercise on mdx and wildtype skeletal muscle. Muscle & nerve. 2007 

Sep;36(3):336–41.  

30.  Manning J, Buckley MM, O’Halloran K, O’Malley D. In vivo neutralization of IL-6 

receptors amelioratesgastrointestinal dysfunction in dystrophin-deficient mdx mice. 

Neurogastroenterol Motil. 2016;28:1016–26.  

31.  Lewis P, Sheehan D, Soares R, Coelho AV, O'Halloran KD. Redox Remodeling Is 

Pivotal in Murine Diaphragm Muscle Adaptation to Chronic Sustained Hypoxia. Am J 

Respir Cell Mol Biol. 2016 Jul;55(1):12-23.  

32.  O’Leary A, O’Halloran K. Diaphragm muscle weakness and increased UCP-3 gene 

expression following acute hypoxic stress in the mouse. Respiratory Physiology & 

Neurobiology. 2016;226(June):76–80.  

33.  Burns DP, O'Halloran KD. Evidence of hypoxic tolerance in weak upper airway 

muscle from young mdx mice. Respir Physiol Neurobiol. 2016 Jun;226:68-75.  

34.  Bradford MM. A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Analytical 

biochemistry. 1976 May 7;72:248–54.  

Page 23 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  21 

 

 

 

35.  Dupont-Versteegden E, McCarter R. Differential expression of muscular dystrophy in 

diaphragm versus hindlimb muscles of mdx mice. Muscle Nerve. 1992;15(10):1105–

10.  

36.  Louboutin J, Fichter-Gagnepain V, Thaon E, Fardeau M. Morphometric analysis of 

mdx diaphragm muscle fibres. Comparison with hindlimb muscles. Neuromuscular 

Disorders. 1993;3(5-6):463–9.  

37.  Vilquin JT, Brussee V, Asselin I, Kinoshita I, Gingras M, Tremblay JP. Evidence of 

mdx mouse skeletal muscle fragility in vivo by eccentric running exercise. Muscle & 

nerve. 1998 May;21(5):567–76.  

38.  Yang L, Luo J, Petrof BJ. Corticosteroid Threapy does not alter the threshold for 

contraction-induced injury in dystrophic ( MDX ) mouse diaphragm. Muscle and 

Nerve. 1998;(March):394–7.  

39.  Gregorevic P, Plant DR, Leeding KS, Bach LA, Lynch GS. Improved contractile 

function of the mdx dystrophic mouse diaphragm muscle after insulin-like growth 

factor-I administration. Am J Pathol. 2002 Dec;161(6):2263–72.  

40.  Hinkle RT, Lefever FR, Dolan ET, Reichart DL, Dietrich JA, Gropp KE, et al. 

Corticortophin releasing factor 2 receptor agonist treatment significantly slows disease 

progression in mdx mice. BMC medicine. 2007 Jan;5:18.  

41.  Faulkner JA, Ng R, Davis CS, Li S, Chamberlain JS. Diaphragm muscle strip 

preparation for evaluation of gene therapies in mdx mice. Clin Exp Pharmacol Physiol. 

2008 Jul;35(7):725–9.  

42.  Lecarpentier Y, Chemla D, Blanc FX, Pourny JC, Joseph T, Riou B, et al. Mechanics , 

energetics , and crossbridge kinetics of rabbit diaphragm during congestive heart 

failure. FASEB J. 1998;12:981–9.  

Page 24 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  22 

 

 

 

43.  Attal P, Coirault C, Chemla D, Blanc F, Rocher P, Pourny J, et al. Isotonic mechanics 

of a pharyngeal dilator muscle and diaphragm in the rat before and after fatigue. Eur 

Resir J. 2000;15:308–13.  

44.  Gosselin LE, Williams JE. Pentoxifylline fails to attenuate fibrosis in dystrophic (mdx) 

diaphragm muscle. Muscle & nerve. 2006 Jun;33(6):820–3.  

45.  Coirault C, Lambert F, Pourny J, Lecarpentier Y. Velocity of Actomyosin Sliding in 

Vitro Is Reduced in Dystrophic Mouse Diaphragm. Am J Respir Crit Care Med. 

2002;165:250–3.  

46.  Claflin DR, Brooks S V. Direct observation of failing fibers in muscles of dystrophic 

mice provides mechanistic insight into muscular dystrophy. AJP Cell physiology. 2008 

Feb;294(2):C651–8.  

47.  Stevens ED, Faulkner JA. The capacity of mdx mouse diaphragm muscle to do 

oscillatory work. Journey of Physiology. 2000;522(3):457–66.  

48.  Klingler W, Jurkat-Rott K, Lehmann-Horn F, Schleip R. The role of fibrosis in 

Duchenne muscular dystrophy. Acta Myol. 2012 Dec;31(3):184–95.  

49.  Wehling-Henricks M, Sokolow S, Lee JJ, Myung KH, Villalta SA, Tidball JG. Major 

basic protein-1 promotes fibrosis of dystrophic muscle and attenuates the cellular 

immune response in muscular dystrophy. Human molecular genetics. 2008 Aug 

1;17(15):2280–92.  

50.  Lovering RM, Michaelson L, Ward CW, Friedrich O. Malformed mdx myofibers have 

normal cytoskeletal architecture yet altered EC coupling and stress-induced Ca2 + 

signaling. Am J Physiol Cell Physiol. 2009 Sep;297(3):571–80.  

51.  Deconinck N, Dan B. Pathophysiology of duchenne muscular dystrophy: current 

hypotheses. Pediatr Neurol. 2007 Jan;36(1):1–7.  

Page 25 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  23 

 

 

 

52.  Abdel-Salam E, Abdel-Meguid I, Korraa SS. Markers of degeneration and 

regeneration in Duchenne muscular dystrophy. Acta Myologica. 2009 Dec;28(3):94–

100.  

53.  Kornegay JN, Spurney CF, Nghiem PP, Brinkmeyer-Langford CL, Hoffman EP, 

Nagaraju K. Pharmacologic management of duchenne muscular dystrophy: Target 

identification and preclinical trials. ILAR Journal. 2014;55(1):119–49.  

54.  Carlson CG, Potter R, Yu V, Luo K, Lavin J, Nielsen C. In vivo treatment with the 

NFkB inhibitor ursodeoxycholic acid (UDCA) improves tension development in the 

isolated mdx costal diaphragm. Muscle and Nerve. 2016;53(3):431–7.  

55.  Desreumaux P. Specific targeting of IL-6 signalling pathway: a new way to treat IBD? 

Gut. 2000 Oct 1;47(4):465–6.  

56.  Nishimoto N, Kishimoto T. Inhibition of IL-6 for the treatment of inflammatory 

diseases. Curr Opin Pharmacol. 2004 Aug;4(4):386–91.  

57.  Hunt LC, Coles CA, Gorman CM, Tudor EM, Smythe GM, White JD. Alterations in 

the expression of leukemia inhibitory factor following exercise: comparisons between 

wild-type and mdx muscles. Vol. 3, PLoS currents. 2011. p. RRN1277.  

58.  Kurek JB, Nouri S, Kannourakis G, Murphy M, Austin L. Leukemia inhibitory factor 

and interleukin-6 are produced by diseased and regenerating skeletal muscle. Muscle 

and Nerve. 1996;19(10):1291–301.  

59.  Choy EHS, Isenberg D a, Garrood T, Farrow S, Ioannou Y, Bird H, et al. Therapeutic 

benefit of blocking interleukin-6 activity with an anti-interleukin-6 receptor 

monoclonal antibody in rheumatoid arthritis: a randomized, double-blind, placebo-

controlled, dose-escalation trial. Arthritis and rheumatism. 2002 Dec;46(12):3143–50.  

60.  Fujita R, Kawano F, Ohira T, Nakai N, Shibaguchi T, Nishimoto N, et al. Anti-

Page 26 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  24 

 

 

 

interleukin-6 receptor antibody (MR16-1) promotes muscle regeneration via 

modulation of gene expressions in infiltrated macrophages. Biochim Biophys Acta. 

2014 Jan 15;Jan 15(S0304-4165(14)00016-6):1–11.  

61.  Pelosi L, Berardinelli MG, De Pasquale L, Nicoletti C, D’Amico A, Carvello F, et al. 

Functional and Morphological Improvement of Dystrophic Muscle by Interleukin 6 

Receptor Blockade. E Bio Medicine. 2015;2(4):285–93.  

62.  Hinkle RT, Donnelly E, Cody DBD, Samuelsson S, Lange M, Bauer B, et al. 

Activation of the CRF 2 receptor modulates skeletal muscle mass under physiological 

and pathological conditions. Am J Physiol Endocrinol Metab. 2003;285:889–98.  

63.  Hinkle RT, Donnelly E, Cody DB, Bauer MB, Sheldon RJ, Isfort RJ. Corticotropin 

releasing factor 2 receptor agonists reduce the denervation-induced loss of rat skeletal 

muscle mass and force and increase non-atrophying skeletal muscle mass and force. J 

Muscle Res Cell Motil. 2004 Jan;25(7):539–47.  

64.  Moss AC, Anton P, Savidge T, Newman P, Cheifetz AS, Gay J, et al. Urocortin II 

mediates pro-inflammatory effects in human colonocytes via corticotropin-releasing 

hormone receptor 2alpha. Gut. 2007 Sep;56(9):1210–7.  

65.  O’ Malley D, Cryan JF, Dinan TG. Crosstalk between interleukin-6 and corticotropin-

releasing factor modulate submucosal plexus activity and colonic secretion. Brain 

Behav and Immun. 2013;30:115–24.  

66.  Kageyama K, Hanada K, Nigawara T, Moriyama T, Terui K, Sakihara S, et al. 

Urocortin induces interleukin-6 gene expression via cyclooxygenase-2 activity in 

aortic smooth muscle cells. Endocrinology. 2006 Sep;147(9):4454–62.  

67.  Huang M, Kempuraj D, Papadopoulou N, Kourelis T, Donelan J, Manola A, et al. 

Urocortin induces interleukin-6 release from rat cardiomyocytes through p38 MAP 

Page 27 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  25 

 

 

 

kinase , ERK and NF-kB activation. J Mol Endocrinol. 2009;42:397–405.  

68.  Supinski GS, Callahan LA. Diaphragm weakness in mechanically ventilated critically 

ill patients. Critical care (London, England). 2013;17(3):120.  

 

  

Page 28 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



Restoration of mdx diaphragm function.  26 

 

 

 

Figure Legends  

Figure 1: Experimental protocol 

A: The flow chart shows the experimental protocol to establish the baseline characteristics of 

muscle function in wildtype (WT) and mdx diaphragms. B: The flow chart illustrates the 

experimental protocol in the interventions study which compares mdx mice treated with 

saline, anti-interleukin-6 receptor antibodies (xIL-6R), urocortin 2 (Uro2) or a combination 

treatment with both xIL-6R and Uro2. Behavioral assessments on day 13 have been 

previously published (Manning et al, 2016). 

 

Figure 2: Contractile forces are improved by intervention treatments in mdx diaphragm 

A: Bar charts and representative traces show weaker twitch force in mdx (n=6, gray line) 

compared with WT (n=6, black line) diaphragms and the effect of treatment with saline, 

(n=8, black line), monoclonal interleukin-6 receptor antibodies (xIL-6R) (n=6, gray line), 

urocortin 2 (Uro2, n=5, light gray line) and combined xIL-6R and Uro2 (n=7, dashed black) 

in mdx diaphragm tissue. B: Bar charts and representative traces show weaker tetanic force in 

mdx compared with WT diaphragms and the effect of treatment with saline, xIL-6R, Uro2, 

and combined xIL-6R and Uro2 in mdx diaphragm tissue. * and *** indicate p<0.05 and 

p<0.001, respectively.  

 

Figure 3: Diaphragm function is improved by combined xIL-6R and Uro2 treatment. 

Bar charts show A: peak specific shortening, B: peak specific mechanical work, C: peak 

specific velocity of contraction and D: peak specific mechanical power in saline-treated mdx 

mice compared with mdx mice treated with xIL-6R, Uro2 and combined xIL-6R and Uro2 

treatment. * indicates p<0.05. 

Page 29 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



  

 

 

Figure 1  

 

190x254mm (96 x 96 DPI)  

 

 

Page 1 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



  

 

 

Figure 2  

 

190x254mm (96 x 96 DPI)  

 

 

Page 2 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.



  

 

 

Figure 3  

 

190x254mm (96 x 96 DPI)  

 

 

Page 3 of 29

John Wiley & Sons, Inc.

Muscle & Nerve

This article is protected by copyright. All rights reserved.




