
Mineralocorticoid Receptor Antagonists in Muscular Dystrophy 
Mice During Aging and Exercise

Jeovanna Lowea, Feni K. Kadakiaa, Jonathan G. Zinsa, Michael Haupta, Kyra K. 
Peczkowskia, Neha Rastogia, Kyle T. Floyda, Elise P. Gomez-Sanchezb, Celso E. Gomez-
Sanchezc, Mohammad T. Elnakisha,d, Jill A. Rafael-Fortneya,1,*, Paul M.L. Janssena,1

aDepartment of Physiology & Cell Biology, College of Medicine, The Ohio State University, 
Columbus, OH, USA

bDepartment of Pharmacology & Toxicology, University of Mississippi Medical Center, Jackson, 
MS, USA

cDepartment of Internal Medicine, University of Mississippi Medical Center, Jackson, MS, USA

dDepartment of Pharmacology & Toxicology, Faculty of Pharmacy, Helwan University, Cairo, Egypt

Abstract

Background: Mineralocorticoid receptor antagonists added to angiotensin converting enzyme 

inhibitors have shown pre-clinical efficacy for both skeletal and cardiac muscle outcomes in young 

sedentary dystrophin-deficient mdx mice also haploinsufficient for utrophin, a Duchenne muscular 

dystrophy (DMD) model. The mdx genotypic DMD model has mild pathology, making non-

curative therapeutic effects difficult to distinguish at baseline. Since the cardiac benefit of miner-

alocorticoid receptor antagonists has been translated to DMD patients, it is important to optimize 

potential advantages for skeletal muscle by further defining efficacy parameters.

Objective: We aimed to test whether therapeutic effects of mineralocorticoid receptor antagonists 

added to angiotensin converting enzyme inhibitors are detectable using three different reported 

methods of exacerbating the mdx phenotype.

Methods: We tested treatment with lisinopril and the mineralocorticoid receptor antagonist 

spironolactone in: 10 week-old exercised, 1 year-old sedentary, and 5 month-old isoproterenol 

treated mdx mice and performed comprehensive functional and histological measurements.

Results: None of the protocols to exacerbate mdx phenotypes resulted in dramatically enhanced 

pathology and no significant benefit was observed with treatment.

Conclusions: Since endogenous mineralocorticoid aldosterone production from immune cells in 

dystrophic muscle may explain antagonist efficacy, it is likely that these drugs work optimally 

during the narrow window of peak inflammation in mdx mice. Exercised and aged mdx mice do 

not display prolific damage and inflammation, likely explaining the absence of continued efficacy 
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of these drugs. Since inflammation is more prevalent in DMD patients, the therapeutic window for 

mineralocorticoid receptor antagonists in patients may be longer.
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INTRODUCTION

Over the past three decades the average lifes-pan of patients with Duchenne muscular 

dystrophy (DMD) has increased due to increased use of ventilatory support and prophylactic 

antibiotics, which help prevent fatal respiratory infections due to weakened respiratory 

muscles [1-4]. Since DMD affects all striated muscles, this lengthened lifespan has resulted 

in the unmasking of cardiomyopathy in a majority of patients and an increase in fatalities 

resulting from heart failure [5, 6]. Glucocorticoids are currently used as a standard-of-care 

for DMD to improve ambulation, but have many serious side-effects including potential 

adverse effects on the heart [2, 7-11]. Most recently, genetic therapies using an exon-

skipping approach to target the gene encoding dystrophin, which is mutated in DMD, are 

starting to become available. However, these therapies restore only a truncated version of 

dystrophin, are applicable for only a subset of mutations, and do not currently show promise 

to target the heart. Therefore, therapies that have the potential to target pathogenic events 

common to dystrophic skeletal muscles and the heart, may further improve lifespan and 

quality of life for DMD patients.

A few years ago, we tested whether prophylactic use of mineralocorticoid receptor (MR) 

antagonists, used commonly in late stage heart failure, when added to standard-of-care 

angiotensin converting enzyme inhibitors (ACEi) for early cardiomyopathy, were able to 

alleviate the early signs of cardiomyopathy in a DMD mouse model. We showed that this 

drug combination was able to improve functional and histological features of both the heart 

and skeletal muscles [12]. The cardiac efficacy of MR antagonists added to standard-of-care 

was then demonstrated in DMD patients [13, 14].

Since MR had not previously been reported to be present in skeletal muscles, the preclinical 

efficacy of MR antagonists demonstrated for dystrophic skeletal muscles was unexpected. 

Therefore, we have conducted further preclinical studies to optimize the potential use of MR 

antagonists for skeletal muscle pathology in addition to beginning to define the molecular 

mechanisms of their action. We have now demonstrated that specific and non-specific MR 

antagonists work with equivalent efficacy for dystrophic skeletal muscles and heart, but that 

ACEi alone does not improve functional parameters [15, 16]. We have also shown that MR 

are present in skeletal muscles, that dystrophic skeletal muscles contain high levels of 11β-

hydroxysteroid dehydrogenase 2 that provides pre-receptor specificity for aldosterone to the 

MR and that MR functions as a steroid hormone receptor in human myotubes and in mouse 

muscles leading to transcriptional changes in up to 200 genes [17-19]. Surprisingly, myeloid 

cells present in regions of muscle damage in dystrophic mouse models contain high levels of 

aldosterone synthase, the rate limiting final enzyme required for aldosterone production 

[20]. This local production of aldosterone during muscle damage would explain the 
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effectiveness of MR antagonists for dystrophic skeletal muscles, since neither DMD patients 

nor mice have increased levels of circulating aldosterone secreted by the adrenal glands [20].

The original and several follow-up efficacious preclinical studies were conducted in 20 

week-old sedentary dystrophin-deficient mdx mice also haploinsufficient for utrophin, 

which develop quantitatively more skeletal and cardiac muscle fibrosis than mdx mice. One 

preclinical study in 20 week-old sedentary mdx mice did not show sufficient deficits in 

many mdx parameters to measure therapeutic improvements. In this study, we aimed to test 

whether therapeutic effects of MR antagonists added to ACEi were able to be detected using 

3 different previously reported methods of exacerbating the mild mdx phenotype [21-29]. 

We therefore tested treatment with the ACEi lisinopril and the MR antagonist spironolactone 

in 10 week-old exercised mdx mice, 1 year-old sedentary mdx mice and 5 month-old 

isoproterenol treated mdx mice.

MATERIALS AND METHODS

Mice, treatment, and study design

All mouse studies were conducted under a protocol approved by the institutional laboratory 

animal care and use committee. The Exercised mdx study contained 24 C57BL/10 mdx male 

mice with 12 untreated and 12 treated from 4–10 weeks-of-age with water bottles containing 

both lisinopril (132 mg/l) and spironolactone (250 mg/l) (LS) replaced 3 times per week to 

provide approximate dosages of 20 and 37.5 mg/kg × day, respectively. All mice were then 

run on a treadmill twice per week from 6–10 weeks using the TREAT-NMD protocol 

DMD_M.2.1.001 (as detailed below). At 10 weeks-of-age, outcome measures included 

forelimb grip strength, in vitro force measurements of extensor digitorum longus (EDL) and 

diaphragm, in addition to immunoglobulin G (IgG) staining of heart, quadriceps, tibiallis 
anterior (TA), soleus and fibronectin staining of diaphragm as previously described [15]. IgG 

staining of TA muscles also included samples from an additional 12 untreated sedentary 10 

week-old mdx males and 5 untreated sedentary 10 week-old C57BL/10 males.

The Aged mdx study consisted of 36 mdx males with 18 untreated and 18 treated from 4 to 

52 weeks-of-age with LS delivery and dosages as described above, and 18 untreated 

C57BL/10 male mice bred in house with breeders originally purchased from Harlan. At 1 

year-of-age, outcomes included grip strength, echocardiography, an exhaustion treadmill 

running test, in vitro force measurements of EDL and diaphragm, IgG staining of heart, 

quadriceps, diaphragm, and abdominal muscles.

The Isoproterenol mdx study contained 20 mdx males with 10 untreated and 10 treated from 

4 weeks to 5 months-of-age with LS delivery and dosages as described above, and 10 

untreated C57BL/10 male mice. At 5 months-of-age, all mice were injected intraperitoneally 

with 200 μg/g Evan’s Blue Dye and then 24 hours later with 500 μg/g isoproterenol ((–)-

Isoproterenol hydrochloride, Sigma #I650) [30] every 2 hours for a total of 3 dosages as in 

Standard Operating Procedure for “Mouse heart Evan’s blue dye uptake assay” 

(www.parentprojectmd.org/research/for-researchers-industry/resources/standard-operating-

procedures-for-duchenne-animal-models/). A second group of mdx males were either treated 

with the beta-blocker metoprolol (n = 11) at a dosage of 2.5 mg/kg × day (17 mg/l) using 

Lowe et al. Page 3

J Neuromuscul Dis. Author manuscript; available in PMC 2019 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.parentprojectmd.org/research/for-researchers-industry/resources/standard-operating-procedures-for-duchenne-animal-models/
http://www.parentprojectmd.org/research/for-researchers-industry/resources/standard-operating-procedures-for-duchenne-animal-models/


water bottle delivery as described above for LS or left untreated (n = 5), and then both 

treated with Evan’s Blue Dye and isoproterenol as above. Mice were sacrificed 2 hours after 

the final isoproterenol administration, hearts were excised and frozen in optimal cutting 

temperature (OCT) in liquid-nitrogen cooled isopentane, cryosectioned, and stained for IgG. 

Both IgG and Evan’s Blue Dye staining as a percentage of the entire transverse ventricular 

section were quantified.

Treadmill running

For the Exercised mdx study, mice began exercise treatment on a six lane Exer 6M treadmill 

(Columbus Instruments) at 6 weeks of age and continued until sacrifice at 10 weeks of age. 

A Plexiglas plate prevented mice from touching the electric shock grid during all running 

bouts. If a mouse stopped running and hit the Plexiglas plate, the touch was usually enough 

of a stimulus for the mouse to begin running again. If a mouse continually hit the plate, the 

experimenter gently touched the mouse with a paintbrush to prompt running. Mice were run 

horizontally (i.e. 0 degree angle) for 30 minutes twice a week at 12 m/min, with either 2 or 3 

days rest in between bouts. Each exercise period began with an additional 3-minute session 

at 8 m/min to acclimatize the mice. Up to three mice were put in a single lane for exercise, 

with care taken to ensure all mice were continually running. If a mouse needed excessive 

prodding to run, the treadmill was stopped and the mice were given a short break of a few 

seconds. Once the break was complete, the treadmill was started again to complete a total, 

but sometimes interrupted, 30 minutes of exercise. Mouse 6398 showed fatigue during 4 

running bouts; mouse 6380 showed fatigue during 2 running bouts; mouse 6397, 6431, and 

6429 each showed fatigue during 1 running bout; mouse 6411 showed fatigue during the last 

running bout only. Running was performed by an individual blinded to treatment.

For the Aged mdx study, a subset of the one-year-old mice (6 LS treated mdx; 6 untreated 

mdx; and 6 C57BL/10) underwent an exhaustion treadmill running test performed by an 

individual blinded to genotype and treatment. A total of 6 mice were placed on the treadmill, 

one per lane, and were run in horizontal orientation. The electric shock grid at the back of 

the treadmill remained off as described above. Each day, running was performed at the same 

time of day, with housing conditions and feeding state remaining constant to limit 

variability. Groups of 6 mice were removed from their living units by a different individual 

than the one performing the treadmill test, randomized and coded. On the first day of 

training, all mice (n = 18) were run for 10 minutes at 9 m/min. On the second day of 

training, all mice were run for 6 minutes at 9 m/min, and then the speed was increased by 1 

m/min each minute until a total of 10 minutes was reached. On the third day of training, the 

mice were run for 6 minutes at 9 m/min, and then the speed was increased by 1 m/min each 

minute until 12 total minutes had elapsed. On testing day, the treadmill was started at 9 

m/min for 5 minutes, after which the speed was increased by 1 m/min each minute until 

exhaustion. Once the speed reached 35 m/min, it was capped to avoid measuring maximal 

running speed instead of exhaustion. When a mouse became exhausted, the treadmill and 

stopwatch were stopped for a few seconds, the mouse was removed and placed back in its 

cage, and the treadmill and stopwatch were then reengaged. This process was continued 

until all 6 mice in the cohort became exhausted and were removed. A mouse was considered 

exhausted when it refused to run for 10 consecutive seconds after repeated gentle nudges.
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Grip strength measurements

For the Exercised mdx study, forelimb grip strength was measured before the first exercise 

treatment and ~48 hours after the last exercise treatment. The first investigator separated 

mice into unmarked cages, randomly selected a mouse to be given to the second investigator, 

who remained blinded to the treatment groups and performed the grip strength procedure. 

The mice were held by their tails so that their front paws were able to grip a wire attached to 

a force transducer, then swiftly and uniformly pulled backwards until the clasp was broken. 

This procedure was repeated three times with one minute rests between measurements. The 

highest value of the three was reported as maximal grip strength. The weight of each mouse 

was recorded at both time points. All measurements were performed by the same individual 

to limit experimental variability.

For the Aged mdx study, grip strength tests were designed to measure maximal grip strength 

and also determine whether untreated or treated mice show muscle fatigue using a similar 

technique as described above, but with additional repeated trials. Mice were trained for two 

sessions mimicking the conditions on the third session where measurements were recorded. 

Five series of five pulls each with a pause of 1 minute in between the series were performed. 

The highest value in the first trial was taken as the peak force produced from rested mice and 

the highest value in the fifth trial was taken as the peak force produced in fatigued mice. As 

described above, all measurements were performed blinded by the same individual.

In vivo cardiac measurements

On the day of sacrifice, the body weight of each mouse was recorded and resting, non-

anesthetized, non-invasive electrocardiographic recordings were taken using the ECGenie 

system (Mouse Specifics Inc.) as previously reported [15]. Analysis of QT-interval, heart 

rate (HR), as well as QT adjusted for HR variability (QTc) was done using time intervals 

when paws were in contact with the electrodes and HR remained consistent.

In vivo left ventricular contractile function was evaluated using a high-frequency ultrasound 

imaging system (VEVO 2100,VisualSonics,Toronto,ON,Canada) as previously described 

[31]. Mice were anesthetized with isoflurane at a concentration of 2% and then maintained 

at 1.0%. The measurements were taken from the parasternal short-axis view in M-mode. 

Analysis was performed using VisualSonics Cardiac Measurements Package by an 

investigator blinded to treatment.

Ex vivo EDL and diaphragm contraction force measurements

All data was collected and analyzed by individuals blinded to genotype and treatment. For 

the Aged mdx study, the EDL muscle from each leg was carefully exposed under a 

dissection microscope. Two pieces of suture were used to tie a knot on each tendon. The 

muscles were secured by tying 5–8 additional knots and then the EDL was removed from 

the leg. For the Exercised mdx study (for all groups in that study) the EDL muscle was 

dissected and removed from the leg first, and then sutures were placed. A modified Krebs-

Henseleit solution (with BDM, and 0.25 mM CaCL2) was applied to the muscle throughout 

the dissection process. The sutures were tied around the tendons on each end of the muscle 

so that knots could be placed over two hooks (one attached to a force transducer, the other a 
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linear micromanipulator) in a muscle bath through which oxygenated Krebs-Henseleit 

(without BDM and 2.0 mM CaCl2 added) at 30°C was continuously cycled. This multi-knot 

attachment method removes any attachment compliance and ensures that all length changes 

are directly reflecting changes in the muscle length. Muscles were stretched to optimal 

length using twitch contractions (evoked by a single 4 ms pulse) as previously described 

[15]. After 10 minutes, a tetanus contraction was performed (150 Hz for 250 ms). For the 

Aged mdx study, after another 5 min rest period, 6 eccentric (ECC) contractions (150 Hz for 

450 ms, subjected to a 3% stretch for the final 200 ms of contraction) were done with five 

minutes of rest between the first 5 stimulations and 15 minutes of rest between the fifth and 

sixth stimulation as described [15]. Following force measurements, the sutures were 

removed and muscles weighed. Forces are expressed per unit of cross-sectional area (CSA). 

Force recordings and analyses were both done using custom-made LabView (National 

Instruments) programs. Diaphragm strips were carefully dissected and tetanic contractions 

as well as a fatigue protocol were performed as previously described [15].

Histopathology and quantification

For histological analyses muscles, as specified in the study designs above, were embedded in 

OCT medium and frozen on liquid-nitrogen cooled isopentane. Eight μm cryosections were 

stained with Hematoxylin and Eosin (H&E) to verify section quality or with an antibody 

against mouse IgG (Alexa 488 goat anti-mouse IgG, 1:200; Life Technologies) to quantify 

ongoing muscle damage as previously described [16]. TAs were also stained with rat anti-

CD11b (1:50, BD Pharmingen; # 550282) to quantify the percentage of CSA with immune 

cell infiltration. Diaphragms were stained with rabbit anti mouse fibronectin (1:40, Abcam, 

ref# ab23750) or collagen I (1:200, Abcam, ref# ab34710) and detected with Alexa 555 goat 

anti rabbit IgG secondary antibody (1:200, Life Technologies, ref# A21429). Quantification 

of damage was performed using Adobe Photoshop and is reported as a percentage of CSA. 

Fibronectin quantification on diaphragm sections was performed using a tolerance of 30. 

Longitudinal quadriceps and diaphragm sections were excluded from analysis. IgG staining 

of soleus and heart from the Exercised mdx study were performed, but not quantified due to 

the absence of a quantifiable amount of damage. All histological quantification was 

conducted by an individual blinded to treatment and genotype. Quadriceps muscles from 

untreated year-old mdx mice from the Aged mdx study (n = 3) and 20 week-old untreated 

utrn+/−;mdx from a previously published study [15] were stained with a rabbit polyclonal 

antibody against CYP11B2 after fixation with ice-cold acetone for 5 minutes and 

permeabilization with 0.75% saponin for 5 minutes [20], and then detected with Alexa 555 

goat anti rabbit IgG secondary antibody (1:200, Life Technologies, ref# A21429) and 

counterstained with DAPI.

Data and statistical analysis

All data was included for statistical calculations after applying pre-determined exclusion 

criteria, which included forces below 30 mN/mm2 for diaphragm tetanus and forces below 

60 mN/mm2 for EDL tetanus, or longitudinal samples for histological measurements. n for 

each parameter are shown in Tables 1 and 2. For the Aged mdx study, data was analyzed 

using one-way ANOVA. If the overall ANOVA indicated statistical significance, Dunnett’s 

post-hoc test was used to test for significant differences between each group compared with 
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the untreated mdx group. For the Exercised mdx study, a Student’s t-test was performed to 

test for differences between untreated and LS treated mice. For the Isoproterenol mdx study, 

data was analyzed using one-way ANOVA followed by Dunnett’s post-hoc test to compare 

LS mice with untreated controls and wild-type mice studied in parallel. Metroprolol treated 

mice were compared using a Student’s t-test with the separate cohort of untreated mdx 
controls treated in parallel with that group. Summary values for all data are presented as 

mean ± SE. P values ≤0.05 were accepted as significant.

RESULTS

In the Exercised mdx study, male mdx mice were treated with LS from 4 to 10 weeks-of-age 

or left untreated and then run on a treadmill for 30 minutes twice a week at 12 m/min 

according to the TREAD-NMD Standard-Operating-Procedure put in place to “Accelerate 

preclinical phase of new therapeutic treatment development” DMD_M.2.1.001: “Use of 

treadmill and wheel exercise for impact on mdx mice phenotype.” Surprisingly, in our study, 

the exercise regime did not greatly exacerbate muscle damage or function compared to our 

previous baseline studies in sedentary mdx mice [9] (Table 1). The only parameter that 

appeared exacerbated was that of ongoing damage to TA muscle as measured by 

intracellular IgG accumulation with 10 ± 4% cross-sectional area in exercised mdx (Table 1) 

versus 5 ± 1% in a separate cohort of sedentary mdx males (Fig. 1). Treatment showed a 

non-significant positive trend towards improvement in this one parameter (4 ± 1% in LS 

treated exercised mdx) (p = 0.1201) (Table 1). There were no differences between untreated 

and LS treated exercised mice in the other parameters including forelimb grip strength, 

diaphragm specific force, EDL specific force, inflammation in the TA muscles, quadriceps 

damage, and diaphragm fibrosis content, which did not appear substantially different from 

our previous data on 10 week-old wild-type mice [16] (Table 1 and Fig. 1). Interestingly, out 

of the groups of 12 untreated and 12 LS treated mice, 5 untreated mice, but only 1 treated 

mouse, showed fatigue during at least 1 treadmill bout and required prodding with a 

paintbrush to encourage running.

In the Aged mdx study, we observed that exhaustion running was an excellent differentiator 

between 1 year-old C57 (870 ± 189.1 meters) and mdx (270 ± 25.1 meters) mice, but that 

this parameter was not improved by LS treatment (262 ± 46.9 meters) (Table 2). Forelimb 

grip strength of 1 year mdx mice is lower than that in younger dystrophic mice [15], but is 

not changed by treatment. There is however a non-statistically significant trend towards 

improvement in grip strength force per body weight in LS treated (30.1 ± 1.1 mN/g) 

compared to untreated (28.7 ± 1.2 mN/g) 1 year-old mdx mice (Table 2). A trend towards 

improvement from LS treatment was also observed on EDL force drop after the 5th 

eccentric contraction (ECC) with 73 ± 3% for LS versus 62 ± 6% for untreated and 79 ± 5% 

for C57 (p = 0.0942 by t-test comparing LS and untreated) and in diaphragm collagen 

content (55 ± 3% for LS versus 59 ± 2% for untreated (Table 2 and Fig. 2). LS treatment did 

not affect diaphragm specific force, diaphragm fatigue, EDL specific force, or quadriceps 

ongoing damage as measured by intracellular IgG in 1 year-old mdx mice (Table 2 and Fig. 

2). No ongoing damage or quantitative cumulative damage was observed in mdx hearts even 

at this age. One year-old mdx mice still maintained normal heart function with an ejection 

fraction of 59.8 ± 2.5%, which was not affected by LS treatment (57.8 ± 2.7%).

Lowe et al. Page 7

J Neuromuscul Dis. Author manuscript; available in PMC 2019 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For the isoproterenol mdx study we observed a wide variability of cardiac damage resulting 

from this beta-adrenergic stress in dystrophic mice and that IgG staining was easier to detect 

than Evan’s blue dye (not shown). After isoproterenol stress, LS treated mdx males showed 

16.9 ± 3.9% IgG positive ventricular cross-sectional area, compared to 14.9 ± 2.5% in 

untreated mdx males and 3.2 ± 1.3% in wild-type controls (Figs. 3A and 4A). ANOVA 

showed that isoproterenol stress increased damage in mdx mice (p = 0.0034), but Dunnett’s 

post-hoc test showed no differences between untreated and LS treated mdx mice (p = 

0.8245). We then tested whether a selective beta-1-blocker is sufficient to prevent the 

damage incurred from this isoproterenol induced beta-adrenergic stress. A second group of 

untreated mdx males treated with isoproternol in parallel with the metoprolol group 

exhibited an even lower amount of cardiac damage in response to beta-adrenergic stress (2.5 

± 1.2%). The metoprolol treated mdx group had an average of 7 ± 2.0% damage, which was 

not significantly different from the untreated group (p = 0.3280) (Figs. 3B and 4B).

To begin to understand why LS treatment in aged mdx mice did not show similar efficacy as 

previously observed repeatedly in 20 week-old sedentary dystrophin-deficient mdx mice 

also haploinsufficient for utrophin (“het mice”), we immunostained quadriceps sections from 

untreated mdx mice from the Aged mdx study with previously published [15] untreated het 

mice for the aldosterone synthase enzyme, CYP11B2. Based on qualitative scoring of 

quadriceps transverse sections, there appeared to be less ongoing inflammation with 

CYP11B2 positive myeloid cells in aged mdx muscles than 20 week-old het muscles (Fig. 

5).

DISCUSSION

Overall, the effects of long-term LS treatment assessed at one year-of-age were minimal. 

However, this result is not completely surprising based on our recent mechanistic data. 

These data include that LS has a beneficial effect on stabilizing membrane integrity during 

ongoing damage early in the course of the disease [17], and myeloid inflammatory cells 

locally produce aldosterone in dystrophic muscles [20]. Aldosterone levels are increased 

within muscles during ongoing damage when large numbers of inflammatory cells are 

present and 11β-hydroxysteroid dehydrogenase 2 expression in dystrophic muscles results in 

MR selectivity for aldosterone [20]. Therefore, it is likely that spironolactone works by 

preventing this ongoing MR signaling from inflammatory cells. This hypothesis is consistent 

with the absence of high levels of circulating aldosterone in dystrophic mice or patients. 

Ongoing damage and high levels of inflammation are prevalent early in the disease 

pathogenesis in mdx mice, but become less prevalent as the mouse ages. Indeed, our data 

support that 20 week-old het muscles show more regions with aldosterone synthase positive 

myeloid cells than 1 year-old mdx muscles in this study, although future studies involving 

isolation and quantification of muscle immune cells from dystrophic models at different ages 

will be needed to confirm this hypothesis. Transient inflammation may explain the short-

term improvements resulting from MR antagonism in dystrophic mice. In contrast, persistent 

inflammation is longer lasting in patients with Duchenne muscular dystrophy (DMD), where 

muscle damage is ongoing. Therefore, MR antagonists may show greater long-term efficacy 

in DMD patients than in mice. There is also the possibility that metabolism of lisinopril or 

spironolactone differs during aging and that resulting differences in exposure could alter the 
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effect of the drug’s serum levels in 20 week-old and 1 year-old mice. This alternative 

explanation will be explored in the future in additional cohorts of mice.

The published standard-operating procedure on the “Use of treadmill and wheel exercise for 

impact on mdx mice phenotype” did not exacerbate the phenotype of young mdx mice in our 

studies compared to our previous studies of sedentary mdx mice and most phenotypes 

measured were very close to wild-type. Therefore, the statistical sensitivity for detecting 

improvements in young mdx due to treatment was low. Recent reports suggest that running 

protocols over a longer time-period further increase deficits in mdx mice [32]. However, the 

fatigue observed in more of the untreated mdx mice suggest the possibility of an effect of LS 

on muscle fatigue. In the future, a similar study, possibly carried out in the more severe “het” 

utrn+/−; mdx model with additional incorporation of the running to exhaustion test, may 

provide more informative differential results between LS treated and untreated exercised 

mice.

Similarly, although published studies show more uniform increases in cardiac damage with 

the beta-adrenergic agonists dobutamine or isoproterenol in mdx mice [27, 33], cardiac 

damage in several mdx mice in our study did not appear to be greatly exacerbated compared 

to our previously published data for 5 month-old sedentary mdx mice [9] or wild-type C57 

controls. Pre-mature collection of the tissues during peak injury hours may have impacted 

the degree of cardiac damage following isoproterenol injury and it is possible that longer 

time-points would improve differentiation between the groups. The presence of high levels 

of damage in a subset of untreated and treated mdx mice also suggests that LS treatment 

may not be sufficient to protect dystrophic hearts during times of stress and treatment with 

an additional beta-blocker should also be considered clinically. However, the follow-up test 

with a beta-blocker showed lower levels of ongoing damage in the untreated group of male 

isoproterenol mdx mice, suggesting that highly variable amounts of ongoing damage are 

present between mdx males and that isoproterenol stress from this protocol may only mildly 

contribute to the ongoing damage. This result would have positive connotations for patients, 

who may not show increased cardiac damage due to beta-adrenergic stress.
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Fig. 1. 
Ongoing muscle damage of mice from the Exercised mdx study. Representative images of 

TA sections from wild-type C57BL/10 (C57), mdx sedentary, and untreated exercised mdx 
and LS treated exercised mdx mice stained with H&E and IgG. Staining of immune cells for 

CD11b is also shown for exercised groups. Representative images of IgG staining are shown 

for heart, quadriceps, soleus and diaphragm sections of untreated and LS treated exercised 

mdx mice. Fibronectin staining of diaphragm sections shows fibrosis in both untreated and 

LS treated exercised mdx mice. Bar = 50 μm in CD11b, and H&E images. Bar = 200 μm in 

IgG and fibronectin images.
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Fig. 2. 
Ongoing muscle damage and fibrosis in mice from the Aged mdx study. 

Immunofluorescence staining for IgG on representative quadriceps (Quad) sections and 

Collagen I on diaphragm (Dia) sections from one year-old wild-type (C57), untreated (Mdx), 

and LS treated mdx (LS) mice. Bar = 200 μm.
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Fig. 3. 
Cardiac damage in isoproterenol treated mdx mice. Representative images of IgG 

immunofluorescence on transverse heart sections through the ventricles from (A) wild-type 

C57, untreated mdx, and LS treated mdx after isoproterenol stress, and (B) β - blocker 

treated mdx mice with their untreated mdx cohort after isoproterenol stress. Bar = 200 µm.
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Fig. 4. 
Quantification of cardiac damage in isoproterenol treated mdx mice. A) Dot plot showing 

percentage cross sectional area of IgG immunofluorescence in wild-type C57, untreated 

mdx, and LS treated mdx after isoproterenol stress; and B) β - blocker treated mdx mice 

with their untreated mdx cohort after isoproterenol stress.
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Fig. 5. 
Aldosterone synthase CYP11B2 localization in young and old dystrophic mouse muscles. 

CYP11B2 immunofluorescence staining (red) and DAPI (blue) of quadriceps muscle 

sections from untreated 20 week-old utrn+/−;mdx (Het) and 1 year-old mdx mice. Bar = 50 

μm.
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