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Abstract

Background—Combined treatment with an angiotensin-converting enzyme inhibitor and a
mineralocorticoid receptor (MR) antagonist improved cardiac and skeletal muscle function and
pathology in a mouse model of Duchenne muscular dystrophy. MR is present in limb and
respiratory skeletal muscles and functions as a steroid hormone receptor.

Objective—The goals of the current study were to compare the efficacy of the specific MR
antagonist eplerenone with the non-specific MR antagonist spironolactone, both in combination
with the angiotensin-converting enzyme inhibitor lisinopril.

Methods—Three groups of n=18 dystrophin-deficient, utrophin-haploinsufficient male mice
were given chow containing: lisinopril plus spironolactone, lisinopril plus eplerenone, or no drug,
from four to 20 weeks-of-age. Eighteen C57BL/10 male mice were used as wild-type controls. /n
vivo measurements included cardiac magnetic resonance imaging, conscious electrocardiography,
and grip strength. From each mouse in the study, diaphragm, extensor digitorum longus, and
cardiac papillary muscle force was measured ex vivo, followed by histological quantification of
muscle damage in heart, diaphragm, quadriceps, and abdominal muscles. MR protein levels were
also verified in treated muscles.

Results—Treatment with specific and non-specific MR antagonists did not result in any adverse
effects to dystrophic skeletal muscles or heart. Both treatments resulted in similar functional and
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pathological improvements across a wide array of parameters. MR protein levels were not reduced
by treatment.

Conclusions—These data suggest that spironolactone and eplerenone show similar effects in
dystrophic mice and support the clinical development of MR antagonists for treating skeletal
muscles in Duchenne muscular dystrophy.
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is the most common genetic muscle disease in
children and results in progressive degeneration of skeletal and cardiac muscles due to
absence of the dystrophin protein [1]. Dystrophin normally links the subsarcolemmal
cytoskeleton to a transmembrane glycoprotein complex and contributes to the stabilization
of muscle membranes. The translation of dystrophin replacement therapy from animal
models to patients has been hampered by many challenges over the past 3 decades since the
dystrophin gene was cloned. Dystrophin surrogates and pharmacological and protein-based
approaches targeting downstream pathogenic mechanisms are being investigated as
alternative therapeutic approaches [1]. The current standard-of-care treatment in DMD is
prednisone, a glucocorticoid that delays loss of ambulation by an average of two years, but
has numerous serious side effects [2]. Several labs have also demonstrated that prednisone
actually worsens muscle damage in both skeletal and cardiac muscles in DMD mouse
models [3-5]. There is a critical need for safe and efficacious treatment strategies that can
prolong and improve DMD patients’ quality of life.

Since DMD patients exhibit a cardiomyopathy that slowly progresses to heart failure, our
team previously investigated whether prophylactic introduction of standard-of-care heart
failure drugs could prevent or delay the progression of cardiomyopathy in a DMD mouse
model. Surprisingly, a combination treatment with the angiotensin-converting enzyme
inhibitor (ACEi) lisinopril and the mineralocorticoid receptor (MR) antagonist
spironolactone, led to improved function and pathology not only in the heart, but also in
skeletal muscles [6]. We then showed that mineralocorticoid receptors, not previously
investigated in skeletal muscles, were present in limb and respiratory muscles from wild-
type and dystrophic mice [7]. The endogenous mineralocorticoid receptor agonist
aldosterone was able to induce a large number of gene expression changes in normal human
differentiated myotubes, supporting MR functions as a steroid hormone receptor in skeletal
muscles. These data suggest that ACEi and MR antagonists can have a direct therapeutic
effect on skeletal muscles. We have also shown that lisinopril plus spironolactone can
improve the prednisolone-induced damage to dystrophic mouse muscles [4]. However,
lisinopril treatment alone benefits histopathology, but not function of dystrophic skeletal
muscles in mice [8].

Our team has now demonstrated in a one—year, double-blind placebo-controlled clinical trial
that addition of the specific MR antagonist eplerenone to cardiac standard-of-care ACEi in
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DMD patients at an early stage of cardiac disease was able to slow the progression of
cardiomyopathy [9]. Since cardiomyopathy develops after skeletal myopathy most of the
patients in this trial were non-ambulatory, so the effect of MR antagonist treatment on
dystrophic skeletal muscles was not assessed.

Spironolactone was the first MR antagonist developed and has been used clinically in
cardiology for decades. It has high affinity for MR, but is non-specific and can also bind
other steroid hormone receptors including the androgen and progesterone receptors, and
with lower affinity, glucocorticoid receptors [10]. Eplerenone is a second-generation
selective MR antagonist, which specifically binds MR but with lower affinity than
spironolactone [10]. Both drugs are used at the same dosages interchangeably for cardiac
disease, but typically not until late stage heart failure. Since MR was not previously
identified in skeletal muscles, use of MR antagonists for skeletal myopathies has not been
clinically investigated [7]. It is not known whether the functional benefit on dystrophic
skeletal muscles is due to MR antagonism by spironolactone or from off-target effects on the
other steroid hormone receptors that it can bind. Additionally, it is not known whether
spironolactone binding to these other receptors in skeletal muscle may limit its efficacy
compared to more specific MR antagonism.

The goal of the current study was to compare the efficacy of a specific versus non-specific
MR antagonist combined with an ACEi. This preclinical study is important for optimizing
the clinical development of MR antagonists for treatment of dystrophic skeletal muscles.

MATERIALS AND METHODS

Mice and preclinical treatment

All protocols were approved by the Institutional Animal Care and Use Committee of The
Ohio State University, are in compliance with the laws of The United States of America, and
conform to the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Dystrophin-deficient, utrophin haplo-insufficient (vzrn *!= ; madx) “het” male mice
[11] were bred and genotyped in house as previously described [12], housed 2 per cage, and
were used for treated groups or untreated controls (n = 18 per group). C57BL/10 (C57)
(Harwell) mice bred in-house were used as wild-type controls (n = 18) for all analyses with
the exception of MRI. Het groups were given Teklad Rodent Chow #7912 containing either
133 mg/kg lisinopril (SBH Medical Ltd. CAS# 83915-83-7) and 666.66 mg/kg
spironolactone (Sigma S3378) (LS) or 133 mg/kg lisinopril and 2000 mg/kg Eplerenone
(Pfizer Compound Transfer Program) (EL) (prepared by Research Diets, Inc.) or the chow
alone (untreated). Medicated pellets were replaced every week; mice were weighed and the
amount of pellets consumed was recorded to ensure mice were receiving the estimated
dosage of Lisinopril (20 mg/kg x day), Spironolactone (100 mg/kg x day) and Eplerenone
(200 mg/kg x day). The dosages were based on those previously described in preclinical
experiments that demonstrated efficacy for these drugs in other models [13-17] and
recommended by Ellen McMahon, PhD, developer of eplerenone at Pfizer (personal
communication). Eplerenone and spironolactone are used at different dosages in mice due to
different clearance rates and potency on MR. We used drug-laden chow since eplerenone is
not soluble in drinking water, the vehicle used for LS delivery in our previous studies. Het
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mice were distributed evenly between the groups over time, to control for any environmental
factors during the time-course of the experiment. Mice were treated from 4 to 20 weeks-of-
age or left untreated and then analyzed by personnel not involved in genotyping or treating
the animals and blinded to the treatment and genotypes of the animals, which were only
identifiable by a tag number at analysis. Each measurement described below was performed
by the same individual, to limit variability. Mice were euthanized by cervical dislocation
without anesthesia as per IACUC approval and the AMVA guidelines on Euthanasia to avoid
chemically contaminated tissues. A single mouse in the EL group died of causes not related
to the study. At the end of the treatment period, 30 grams of the custom pellets were
analyzed using GC/MS (Cornerstone Laboratories, LLC), which confirmed pellets contain
the predicted amount of both drugs.

In vivo cardiac and forelimb grip strength measurements

Within 4 days of the animals reaching 20 weeks of age, magnetic resonance imaging (MRI)
was performed on het untreated and treated mice using a 9.4 Tesla 30 mm bore system
(Bruker Biospin) with electrocardiographic (ECG) leads while under body temperature
control (37°C), as described previously [6]. Myocardial strain and strain rate were computed
using vector-based tracking software (Vector Velocity Imaging, Siemens).

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 described [8]. Analysis of QT- interval, heart
rate, and heart rate variability was done using time intervals when paws were in contact with
the electrodes and heart rate (HR) remained consistent. Forelimb grip strength was then
assessed as described in Treat-NMD SOP DMD_M.2.2.001 and previously [8]. The highest
value (N) of three measurements separated by one minute rest periods was reported.

In vitro cardiac, diaphragm and extensor digitorum longus (EDL) contraction force
measurements

In vitro force measurements of linear cardiac papillary muscles, diaphragm muscle strips,
and extensor digitorum longus limb muscles were conducted in parallel.

In vitro contraction measurements in small cardiac papillary muscles were performed as
previously described [18]. Briefly, small intact papillary muscles were dissected from the
right ventricle, stretched to optimal length, and paced at 4 Hz at 37°C. Length-dependent
activation was assessed by measuring developed force at 4 different lengths, roughly
encompassing the cardiac physiological range from end-systolic (85% of optimal length) to
end-diastolic length (optimal length). Frequency-dependent activation was measured by
assessment of force development at 4, 6, 8, 10, 12, and 14 Hz, encompassing the entire in
vivo heart rate range of the mouse. Finally, the response to the beta-adrenergic agonist
isoproterenol was assessed, in semi-log steps from 1 nM to 1 pM. Specific forces were
calculated per unit of cross-sectional area (CSA) and expressed in mN/mm?.

For diaphragm force measurements, two linear strips of muscle approximately 2-3 mm in
width were carefully dissected from the center of each diaphragm. Single electrical
stimulation pulses (180 Hz for 4 ms) were delivered via two parallel platinum-iridium
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electrodes surrounding the muscle to determine the “optimal length” for measuring
maximum twitch force. The muscles were subsequently allowed to rest for 10 minutes, and
then subjected to a series of tetanic contractions. Six tetanic contractions, one at each 20, 50,
80, 120, 150, and 180 Hz (250 ms duration each) were performed with 2 minutes of rest
between stimulations. Five minutes after the final tetanic measurement, a fatigue protocol
(stimuli at a frequency of 100 Hz and 250 ms duration each second for a total of 66 seconds)
was performed. After a 20 minute rest the protocol was repeated. Force measurements are
expressed per unit CSA (normalized isometric force or tension: mN/mm2) as previously
described [19].

Sutures were knotted to each tendon prior to the removal of each EDL muscle. Muscles were
stretched to optimal length using twitch contractions (evoked by a single 4 ms pulse) as
previously described [4, 19]. After 10 minutes, a tetanic contraction was performed (150 Hz
for 250 ms). After another 5 min rest period, 10 eccentric contractions (ecc, 150 Hz for 450
ms, subjected to a 3% stretch for the final 200 ms of contraction) were done with two
minutes of rest between stimulations. To differentiate between damage and fatigue, a final
eccentric contraction was performed after allowing the muscle to rest for 15 minutes after
the 10th eccentric contraction. Specific forces were calculated per unit of CSA and ecc
values are presented as the percentage of the initial tetanus for each group in Table 1. Force
recordings and analysis were done using custom-made LabView (National Instruments)
programs. If more than one diaphragm strip was assessed from the same mouse, values were
averaged and treated as n = 1 for statistical analyses [4]. For EDL, only the first muscle
analyzed was used for analyses.

Histopathology and quantification

For each mouse, remaining portions of the heart and diaphragm in addition to quadriceps
and rectus abdominis muscles were embedded in optimal-cutting temperature (OCT)
medium and frozen on liquid-nitrogen cooled isopentane for histological analyses. Eight pm
cryosections were stained with Hematoxylin and Eosin (H&E) to verify section quality or
with an antibody against mouse immunoglobulin (Ig)G (Alexa 488 goat anti-mouse 1gG,
1:200; Life Technologies) to quantify ongoing muscle damage as previously described [8].
Damage is reported as a percentage of CSA. Longitudinal quadriceps and diaphragm
sections were excluded from analysis.

Western blot analysis

Snap frozen mouse tissues were pulverized and resuspended in cellular extract buffer as
described previously [7]. Briefly, tissue homogenates were sonicated on ice, centrifuged, and
total protein was quantified. 50 pg per lane of total protein was used to detect MR with a
combination of MR-specific monoclonal antibodies, MRN 2B7 & rMR 1-18 1D5 [20] or
GAPDH (Proteintech).

Data and statistical analysis

All data was included for statistical calculations and analyzed using one-way ANOVA. If the
overall ANOVA indicated statistical significance, a non-parametric Dunnett post-hoc test
was used to test for significant differences between each treated group compared with the
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untreated het group. In addition, student’s t-tests were used to directly compare 2 groups.
Summary values are presented as mean + SE. Two-tailed Pvalues < 0.05 were accepted as
significant. A multi-parameter stochastic analysis was performed to assess the overall
effectiveness of treatment. Only 14 independent parameters were considered in this analysis
(identified by * in Table 1). If treatment was not effective, the probability that the untreated
group (when compared to the two treatment groups) displays the best outcome would be
one-third for each parameter and the probability that it is not the best outcome would be
two-thirds. Probability statistics determined the likelihood of treatments not being effective
by testing the number of parameters for which untreated het mice did not show the best
outcome in relation to the number of tested parameters.

The specific goal of this study was to determine whether the non-specific mineralocorticoid
receptor antagonist spironolactone, added to the cardiac standard-of-care lisinopril (LS), was
equally beneficial as the more expensive specific mineralocorticoid receptor antagonist
eplerenone plus lisinopril (EL). Dystrophin-deficient, utrophin-haploinsufficient “het” male
mice were treated from four to 20 weeks-of-age with chow containing LS, EL, or no drug
(n=18). At 20 weeks-of-age, cardiac MRI, conscious electrocardiograms, and grip strength
measurements were performed. From each mouse, ex vivo force measurements were made
from diaphragm, extensor digitorum longus, and cardiac papillary muscles, and tissue
samples from diaphragm, quadriceps, abdominal muscles, and heart were collected for
histological and biochemical analyses.

Dunnett post-hoc tests showed no difference between the groups treated with spironolactone
or eplerenone, except for developed cardiac force (Fdev), where the force of the EL group
was lower than the untreated (Table 1). For each of the 26 parameters measured, either the
LS or EL treatment group was closest to wild-type control values and the group of untreated
het mice never had the best values (Table 1). To determine the overall effectiveness of
treatment, we performed a multi-parameter stochastic analysis. In the 14 independent
parameters tested (indicated with * in Table 1) the untreated group was never the best. The
statistical probability of this occurrence is calculated as (2/3)14, returning a P-value of
0.0034. This same statistical analysis also did not detect a significant difference <0.05
between the LS and EL treatment groups.

Myocardial circumferential strain rate at both the base and mid region of the left ventricle
showed an increased magnitude with both treatments, with the most improved strain rate in
the LS treatment group (Table 1). To directly compare the LS treatment group with the
untreated group, a t-test was performed and showed a P-value of 0.046 for base myocardial
strain rate. /n vitro measurement of cardiac force also exhibited the largest improvement
with LS treatment. Although baseline developed force and maximal force in untreated het
mice were 82% and 97% of wild-type forces, the LS treatment group showed values for
forces above wild-type values at 15.4+4.4 and 18.2+4.8 mN/mm?, respectively (Table 1).
Staining for serum 1gG was used to detect ongoing damage and accumulation of interstitial
and replacement fibrosis of dystrophic tissues and was used as a more straightforward
measurement that morphometric histological analysis. 1gG accumulates intracellularly and
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marks ongoing cellular damage and accumulates extracellularly in regions of fibrotic
replacement of muscle tissue. Cardiac damage detected by IgG localization was also
significantly reduced (P = 0.0059) in the LS treatment group to 54% of that in the untreated
het group after normalizing for wild-type 1gG staining (Fig. 1).

Dystrophic limb muscles are known to show increased susceptibility to injury compared to
wild-type mice. We measured the baseline force of an EDL limb muscle (EDL tet) from
each mouse, followed by force measurements at the beginning of each of 10 lengthening or
eccentric contractions (ecc 1-10) (Table 1 and Fig. 2). After a rest period to recover from
fatigue, a final force measurement was taken to differentiate between muscle damage and
fatigue (ecc 11) (Table 1 and Fig. 2). EDL tet for untreated het mice was 79% of wild-type
C57 values, compared to 40% in our previous published study (Fig. 2A) [6]. EDL tet forces
for the treated groups were 95% and 87% of C57 values for EL and LS, respectively. The
differential susceptibility to damage in het dystrophic muscles was more evident after
additional contractions with eccl, 2, 5, and 10, which generated 69%, 53%, 37%, and 32%
of wild-type forces for the same measurements (Fig. 2B). This rapid decline was decreased
in the EL treatment group, which generated forces for eccl, 2, 5, and 10 that were 96%,
92%, 81% and 79% of C57 control values. For the LS treatment group, the values for eccl,
2, 5, and 10 were 81%, 86%, 107%, and 116% of C57 control values. T-tests comparing LS
to untreated detected significant differences for ecc5 (P = 0.05) and ecc11 (P = 0.042).

In diaphragm, het mice produced a force of 81% of C57 control values at baseline, but a
recovery of only 59% of the wild-type force after fatiguing contractions (Table 1). The EL
treatment group showed 82% and 75% of wild-type values at baseline and after recovery,
supporting that EL treatment may benefit recovery after fatigue rather than improve baseline
force. A t-test comparing relative recovery of EL compared to untreated detected a
significant difference of P= 0.048.

Myofiber damage in diaphragm was significantly improved in both LS and EL treatment
groups and was 26% and 19% lower (P = 0.0003 and 0.0117), respectively, compared to
untreated het mice (Fig. 1). Abdominal muscles that help to support respiration, had a 30%
lower amount of damage in the LS treated group compared with the untreated het group (t-
test P = 0.01). Surprisingly, and in contrast to our previous studies with either LS or
lisinopril alone [6, 8], quadriceps showed only a 9% reduction of damage and only in the EL
group, but not the LS group. However ongoing damage in this untreated het cohort was less
than 10% overall, and fibrosis has not accumulated in quadriceps of het mice at this age

(Fig. 1).

Since other therapeutic targets have been found to be reduced during drug treatment in
muscular dystrophy trials [21], we investigated the levels of mineralocorticoid receptors
from treated mice. Western blots demonstrated equivalent levels of mineralocorticoid
receptors in untreated, LS, and EL treated mice (Fig. 3). This data supports that MR is not
reduced by either LS or EL during the 16-week treatment time-course.
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DISCUSSION

Treatment with both LS and EL resulted in overall improvements in function and pathology
of dystrophic skeletal and cardiac muscles. A difference in overall efficacy between the
inclusion of a non-specific versus specific MR antagonist was not detected. These data
support that MR, rather than the other steroid hormone receptors bound by spironolactone, is
the therapeutic target conferring efficacy of these drugs on skeletal muscles.
Mineralocorticoid receptor levels were also maintained in skeletal muscles after 16 weeks of
treatment. These data, together with the successful translation of preclinical MR antagonist
efficacy to DMD cardiomyopathy, supports that targeting MR may also confer skeletal
muscle benefits to DMD patients.

Analysis indicated that both treatment groups improved overall performance in all 14
independent outcome parameters: in none of the 14 assessed parameters was the untreated
group quantitatively comparable with treatment. Although we powered the group sizes based
on our previous published study using this mouse model [6], and wild-type C57 values were
improved compared to untreated het mice in each of the 26 parameters, significant
differences were not detected by ANOVA for several of the parameters (Table 1). During the
original published study using these mice there was ongoing construction in the building
housing the vivarium and the noise and vibration may have exacerbated the phenotype of the
dystrophic mice accounting for larger differences between dystrophic and wild-type
measurements. Stress levels of corticosterone may have activated MR at times in the
circadian rhythm when circulating glucocorticoids are normally low.

In addition to environmental effects on dystrophic mice, we have also modified our EDL
dissection technique. In the previous study, EDL muscles were removed and sutures were
tied to each tendon to mount the muscle on the force transducer, as per TREAT-NMD SOP
DMD_M.1.2.002 guidelines. However, this method causes muscle damage during dissection
and leads to sutures with a large amount of compliance that compensate for much of the
increased length when performing eccentric contraction measurements. Therefore, we now
tie the suture to the tendons /n situ prior to removing the muscle from the leg. This technique
has resulted in increased baseline forces in both C57 wild-type controls (443+21 versus
334+39 mN/mm?) and het dystrophic muscles (352 +19 versus 145 + 24 mN/mm?)
compared to our own previously published studies [6]. Diaphragm force values at baseline in
het mice in our previous study were also only 40% of wild-type values, and LS treatment
resulted in 80% of wild-type values. Eighty percent of normal diaphragm force may
represent the upper limit of the therapeutic effect from these drugs and would be difficult to
detect when forces of untreated het dystrophic mice in the current cohort are already near
that value.

It is clear from the comprehensive analyses of muscle and heart function and pathology, that
neither MR antagonist shows any detrimental effect on these tissues and that both have
benefits in combination with lisinopril. Since lisinopril targets the renin-angiotensin-
aldosterone pathway upstream from MR, but high dosages of lisinopril did not have the
same benefit on all of the parameters as observed with the addition of MR antagonists
preclinically and clinically [8, 9], these studies support the continued clinical development
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of MR antagonists for treating muscular dystrophy. A limitation of this preclinical study is
the inability to assess gynecomastia, a major side-effect of spironolactone in boys older than
8 or 9 years-of-age due to its anti-androgenic effects. Hyperkalemia, another side-effect of
MR antagonists in humans, is typically much less prevalent in mice and was therefore not
assessed in this study. If MR antagonists are demonstrated to be efficacious for dystrophic
skeletal muscles in clinical trials, the choice of MR antagonist use in individual DMD
patients will ultimately need to be based on considerations of age, side-effects, cost, and
access. In summary, MR antagonists represent a novel therapeutic approach for all muscle
types affected by DMD and have the potential to be used in combination treatments that
ultimately improve morbidity and mortality in muscular dystrophy patients.
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Fig. 1. Myofiber damage in quadriceps, heart, diaphragm and abdominal muscles
Representative images of immunofluorescence stain for serum IgG on quadriceps, heart,

diaphragm and abdominal sections. Sections from treated mice groups (EL and LS) show
less ongoing damage than untreated het mice (LS heart compared to het, P = 0.0059; LS and
EL diaphragm sections compared to het, P = 0.0003 and P = 0.0117 respectively, see also
Table 1). C57BL/10 (C57) wild-type control mice had no visible muscle damage. Bar = 200
pm.
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Fig. 2. EDL force measurements
(A) EDL specific force shows a larger average force generation in the LS and EL treated

groups compared with the untreated het group. C: C57BL/10 wild-type control mice, U:
untreated het mice, and LS: lisinopril / spironolactone treated mice (n = 18 per group); and
EL.: lisinopril / eplerenone treated mice (n = 17). (B) EDL forces measured during 10
eccentric contractions (ecc1-10) and during a final contraction (ecc 11) after a rest period
recovery to allow recovery from fatigue, show lower force generation in the untreated het
group compared to C57 control mice. Force for LS and EL treated groups had values closer
to wild-type values. Force are represented mean + SEM.
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Fig. 3. MR protein levels are maintained in quadriceps muscles from het mice after 16 weeks of
LS or EL treatment

Representative western blots of quadriceps muscles from 3 biological replicates are shown
comparing MR protein levels from equivalent amounts (50 pg) of protein homogenates
from: C57BL/10 wild-type mice (C57), dystrophin-deficient; utrophin haplo-insufficient
mice (Het), lisinopril plus spironolactone treated Het mice (LS) and eplerenone plus
lisinopril treated HET mice (EL). Western blots used a combination of MR-specific
monoclonal antibodies MR1-18 1D5 & MRN 2B7 (full length MR predicted molecular
weight ~107kDa, arrow) or a GAPDH antibody (loading control; predicted molecular weight
~36kDa). MR blots detected an additional lower molecular weight (~90 kDa) doublet, which
are known degradation products resulting from snap freezing samples prior to processing
[22].
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