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Background-—Cardiomyopathy is a leading cause of mortality among Duchenne muscular dystrophy patients and lacks effective
therapies. Phosphodiesterase type 5 is implicated in dystrophic pathology, and the phosphodiesterase type 5 inhibitor tadalafil has
recently been studied in a clinical trial for Duchenne muscular dystrophy.

Methods and Results-—Tadalafil was evaluated for the prevention of cardiomyopathy in the mdx mouse and golden retriever
muscular dystrophy dog models of Duchenne muscular dystrophy. Tadalafil blunted the adrenergic response in mdx hearts during a
30-minute dobutamine challenge, which coincided with cardioprotective signaling, reduced induction of l-calpain levels, and
decreased sarcomeric protein proteolysis. Dogs with golden retriever muscular dystrophy began daily tadalafil treatment prior to
detectable cardiomyopathy and demonstrated preserved cardiac function, as assessed by echocardiography and magnetic
resonance imaging at ages 18, 21, and 25 months. Tadalafil treatment improved golden retriever muscular dystrophy
histopathological features, decreased levels of the cation channel TRPC6, increased total threonine phosphorylation status of
TRPC6, decreased m-calpain levels and indicators of calpain target proteolysis, and elevated levels of utrophin. In addition, we
showed that Duchenne muscular dystrophy patient myocardium exhibited increased TRPC6, m-calpain, and calpain cleavage
products compared with control human myocardium.

Conclusions-—Prophylactic use of tadalafil delays the onset of dystrophic cardiomyopathy, which is likely attributed to modulation
of TRPC6 levels and permeability and inhibition of protease content and activity. Consequently, phosphodiesterase type 5 inhibition
is a candidate therapy for slowing the development of cardiomyopathy in Duchenne muscular dystrophy patients. ( J Am Heart
Assoc. 2016;5:e003911 10.1161/JAHA.116.003911)
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D uchenne muscular dystrophy (DMD) is a fatal X-linked
disease that affects �1:3500 boys and for which there

is no cure and only limited treatment options. DMD is caused

by a mutation in the dystrophin gene that results in complete
loss of the sarcolemma-stabilizing protein dystrophin and
leads to progressive contraction-induced degeneration and
fibrotic replacement of skeletal and cardiac muscle. With
improvements in DMD patient care that have led to prolonged
life expectancy, cardiomyopathy is becoming a leading cause
of death in DMD patients.1 Effective treatments for DMD-
associated cardiomyopathy is a critical unmet need for these
patients.

Standard treatments for cardiomyopathy in DMD patients
involves the use of b-blockers and angiotensin-converting
enzyme inhibitors.1 A potential treatment strategy that
showed promise in the treatment of the mild cardiomyopathy
seen in mdx mice (the mouse model of human DMD)
is inhibition of cyclic guanosine monophosphate (cGMP)–
selective phosphodiesterase type 5 (PDE5) using the PDE5
inhibitor sildenafil.2,3 Inhibition of PDE5 prevents the hydrol-
ysis of cGMP, thereby enhancing nitric oxide signaling effects
through activation of cGMP-dependent protein kinase (PKG).4

In models of heart failure, PDE5 inhibition has improved
cardiomyopathy5–9; however, a recent study of sildenafil in
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older (aged >15 years) DMD patients with clinical cardiomy-
opathy (ejection fraction ≤45%) failed to show any significant
benefit with treatment for >6 months.10

Sildenafil’s lack of effectiveness in the above-mentioned
DMD patient population does not eliminate the possibility that
PDE5 inhibition could be prophylactic against cardiomyopathy
development and progression if initiated early rather than
being able to reverse preexisting pathology. In the current
study, we tested this hypothesis using tadalafil, a PDE5
inhibitor that possesses a longer half-life than sildenafil (t1/2
of 17.5 versus 4 hours for sildenafil). Tadalafil restores limb
functional sympatholysis in patients with Becker muscular
dystrophy11 and DMD.12 Based on these muscle benefits, a
phase III clinical trial for the use of tadalafil in DMD was
performed in patients exhibiting normal cardiac function
(ClinicalTrials.gov identifier NCT01865084). Consequently,
the impact of long-term PDE5 inhibition on the progression
of cardiomyopathy in DMD is a topic of high and immediate
clinical significance.

The present study is a cardiocentric evaluation of long-
term tadalafil treatment that utilizes both the mdx mouse and
the golden retriever muscular dystrophy (GRMD) models of
DMD. We demonstrated that tadalafil reduces myocardial
dysfunction and modifies calpain protease expression in mdx
mice following acute stress and delays the onset of
cardiomyopathy in GRMD dogs. Mechanistically, we provided
evidence that tadalafil’s effect in GRMD heart involves
changes in TRPC6 levels and phosphorylation and m-calpain
abundance and activity, leading to decreased breakdown of
utrophin.

Methods

Animals
All animals were handled in compliance with National
Institutes of Health and institutional guidelines that were
approved by the institutional animal care and use committee
of the University of Pennsylvania. Male mdx mice (n=4–6)
began either tadalafil treatment (100 mg*L�1 diluted in
drinking water) or control treatment (normal water) at
4 weeks of age and continued treatment for either 10 weeks
or 8 months.

Five affected GRMD canines were used in the initial arm of
this study. Beginning at age 9 months, 2 dogs were orally
administered 1 mg*kg�1 tadalafil daily, whereas the other 3
were used as untreated controls. One dog in the control group
died suddenly at 20 months from a presumed fatal cardiac
event. The remaining 4 dogs were euthanized following their
last echocardiogram at age 25 months. In a separate cohort,
2 affected dogs were used, and 1 began tadalafil treatment
starting at an age of 2 months. These dogs were euthanized

following 6 months of treatment. Quickly following euthana-
sia, tissue samples were harvested, and samples were
identically processed for snap freezing, freezing in OCT, and
fixing in 10% formalin.

Human Heart Samples
Snap-frozen control (aged 20 years) and DMD (aged
17 years) heart samples were obtained from the National
Disease Research Interchange (Philadelphia, PA). The cause of
death in these persons was not attributed to a cardiac-related
event.

Dobutamine Stress Test
Echocardiography was performed on mice anesthetized with
2% isoflurane using the Vevo 770 system (VisualSonics) by
the University of Pennsylvania Small Animal Imaging Facility.
After baseline measurements, dobutamine (42 lg*kg�1*min�1;
Bedford Laboratories) was continuously infused into the tail
vein, and subsequent echocardiography measurements were
taken at 15 and 30 minutes. Body temperature was main-
tained using a heating pad during the course of the
experiment. Following completion of the final measurement,
mice were euthanized. The hearts were dissected out, snap-
frozen in liquid nitrogen, and stored at �80°C until further
analysis.

Dog Echocardiography
Echocardiography was performed, as described previously,13

using a Philips CX-50 system (Philips) and an 8- to 3-MHz
transducer. The same sonographer performed all evaluations,
including 2-dimensional, M-mode, spectral Doppler, and tissue
Doppler scans of the lateral mitral valve annulus.

Cardiac Magnetic Resonance Imaging
Cardiac magnetic resonance imaging data were acquired, as
described previously,13 at ages 18 and 25 months. Briefly, dogs
were anesthetized with an intravenous infusion of propofol
(induction: 1.0–2.0 mg*kg�1*min�1; maintenance: 0.2 mg*
kg�1*min�1) and fentanyl (induction: 0.005 mg*kg�1*min�1;
maintenance: 0.7 lg*kg�1*min�1) via the cephalic vein.
Respiration, ECG, O2 saturation, and blood pressure were
monitored during the magnetic resonance scanning protocol,
andmagnetic resonance data were acquired in apnea by turning
off the ventilator with an infusion of a bolus of cisatracurium
(0.1 mg*kg�1).

For image acquisition, dogs were placed in the dorsal
position in the bore of a GE 1.5-T Signa magnetic resonance
system (GE Healthcare). A torso array receive-only coil was
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positioned over the thoracic region. Initially, sagittal localizers
and long-axis 4-chamber images of the heart were performed
to assist with positioning of the short-axis images.14 Images
were acquired with retrospective ECG gating, and cardiac-
gated tagged images were acquired using a fast spoiled
gradient recalled sequence (field of view 24924 cm2; acqui-
sition matrix 2569128; repetition time 9.2 ms; echo time
5.5 ms; flip angle 20°; grid tag spacing 7 mm) in the short-
axis transventricular view (4–5 contiguous slices, 8-mm slice
thickness). Triggering used a single cardiac-phase cycle with
minimum trigger delay and 16 frames per cardiac cycle.

Analysis of the tagged images was performed using
harmonic phase analysis (Diagnosoft) for peak circumferential
myocardial strain.15,16 The short-axis slice in the midpapillary
region of the left ventricle (LV) was chosen for analysis. In a
middle frame image, epicardial and endocardial traces were
drawn and then automatically propagated to create a mesh
dividing the myocardium into 6 regions in the short-axis view
of all 16 frames acquired in the cardiac cycle. For consistency,
the first segment was placed starting at the anterior region of
the ventricular septum. The average circumferential myocar-
dial strain from each segment was calculated for the midwall
using Eulerian strain algorithms.17

Histology
Formalin-fixed samples of LV, right ventricle (RV), interven-
tricular septum (IVS), diaphragm, and quadriceps were
embedded in paraffin, sectioned at 5 lm, and stained with
Masson’s trichrome (Polysciences, Inc) or hemotoxylin and
eosin (Sigma-Aldrich). Slides were viewed using a Leitz
DMRBE microscope (Leica) equipped with a Leica DCF480
digital camera.

Immunoprecipitation
Immunoprecipitation experiments were carried out using the
Pierce Classic IP Kit (Thermo Scientific). Muscle lysates
containing 1 mg total protein were immunoprecipitated with
5 lg of anti-TRPC3 or TRPC6 (Alomone Labs) overnight at 4°C
with end-over-end mixing. The immune complex was eluted
with reducing sample buffer and boiled at 100°C for
5 minutes before being applied to SDS-PAGE gel and
immunoblotted, as described below.

Immunoblotting
Snap-frozen mdx mouse whole hearts and GRMD LV samples
were finely crushed and homogenized in T-PER buffer (Thermo
Scientific) supplemented with protease and phosphatase
inhibitors (Thermo Scientific). The protein concentration of
the resulting supernatant was determined using the Bio-Rad

Protein Assay (Bio-Rad Laboratories). Protein samples were
boiled in 4x sample buffer, subjected to SDS-PAGE using 4%
to 12% SDS polyacrylamide gels (Life Technologies), and
transferred to nitrocellulose membranes using the iBlot
system (Life Technologies). Membranes were blocked in 5%
milk-TBST and incubated with primary antibody overnight at
4°C. Following TBST washes, membranes were incubated in
the appropriate horseradish peroxidase–conjugated anti-
rabbit (Cell Signaling), anti-mouse (Cell Signaling), or anti-
goat (Santa Cruz Biotechnology) secondary antibody for
1 hour at room temperature, washed, incubated for 5 min-
utes in ECL reagent (Thermo Scientific), and imaged using the
LI-COR C-DiGit imaging system (LI-COR Biosciences). Blots for
phosphorylated proteins were stripped and reprobed for total
protein. All membranes underwent a final probe for GAPDH
(1:2000; Santa Cruz Biotechnology) and/or were stained with
Ponceau Red for loading control and normalization. Band
signal intensities were measured using Image Studio Lite
software (LI-COR Biosciences), normalized to sample loading,
and reported relative to respective control samples. The
following primary antibodies were used for this study: PDE5
(1:2000; no. 2395; Cell Signaling), TRPC3 (1:500; no. ACC-
016; Alomone Labs), TRPC6 (1:1000; no. ACC-017; Alomone
Labs), cyclic guanosine monophosphate–dependent kinase 1a
(PKG1a; 1:1000; no. 13511; Cell Signaling), phospho–glyco-
gen synthase kinase 3b (phospho-GSK3b; Ser8/9; 1:1000;
no. 9323; Cell Signaling), GSK3b (1:1000; no. 9315; Cell
Signaling), phospho-p42/44 extracellular signal–related
kinase (ERK; threonine 202 [Thr202]/Tyr204; 1:1000; no.
9101; Cell Signaling), p42/44 ERK (1:1000; no. 9102; Cell
Signaling), sarco/endoplasmic reticulum Ca2+-ATPase 2
(SERCA2; 1:2000; no. ab3625; Abcam), atrial natriuretic
peptide (ANP; 1:500; no. 91250; Abcam); endothelial nitric
oxide synthase (1:500; no. ab5589; Abcam), neuronal nitric
oxide synthase (1:500; no. 1376; Abcam), utrophin (1:500;
no. VP-U579; Vector Laboratories), KH-type splicing
regulatory protein (KSRP); 1:2000; no. A302-021A; Bethyl
Laboratories), RhoA (1:500; no. 2117; Cell Signaling),
phospho–cardiac troponin I (phospho-cTnI; Ser23/24;
1:1000; no. 4004; Cell Signaling), cTnI (1:500; no. sc-
8117; Santa Cruz Biotechnology), phospholamban (1:1000;
no. 21923; Santa Cruz Biotechnology), actin (1:2000; no.
A3853; Sigma-Aldrich), talin (1:1000; no. T3287; Sigma-
Aldrich), l-calpain (1:1000; no. C0355; Sigma-Aldrich),
m-calpain (1:500; no. ab39165; Abcam), dysferlin (1:1000;
no. ab139379; Abcam), integrin b1 (1:1000; no. ab179471;
Abcam), a-actinin (1:2000; no. A7732; Sigma-Aldrich), spec-
trin (1:1000; no. 11755; Abcam), c-sarcoglycan (1:100; no.
VP-G803; Vector Laboratories), dystrophin (1:1000; no.
15277; Abcam), matrix metalloproteinase 2 (MMP2;
1:1000; no. NB200-193; Novus Biologicals), and MMP9
(1:500; no. ab38898; Abcam).
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Immunofluorescence
Frozen OCT-embedded LV samples were sectioned at 10 lm,
fixed in ice-cold acetone, blocked in 5% BSA-PBS, and
incubated with anti-utrophin (1:50; Vector Laboratories),
anti-laminin (1:1000; Dako), or anti–c-sarcoglycan (1:25;
Vector Laboratories) primary antibody overnight at 4°C.
Following washes, slides were incubated in donkey anti-
mouse Alexa 488 or donkey anti-rabbit Alexa 568 conjugated
secondary antibody (1:500; Life Technologies), coverslipped
with VectaShield (with DAPI; Vector Laboratories), and imaged
using either a Leica TSC-8 confocal microscope or a Leitz
DMRBE microscope equipped with a Leica DCF480 digital
camera. Comparative images were stained, imaged, and
processed simultaneously under identical conditions.

Reverse Transcriptase Polymerase Chain
Reaction
RNA was isolated from finely crushed snap-frozen samples
using Trizol reagent (Life Technologies), treated with DNase
(Promega), and reverse transcribed using the SuperScript III
kit (Life Technologies). Resulting cDNA was subjected to
polymerase chain reaction using GoTaq (Promega). The
following mouse-specific primers were used: Pde5A (forward)
50- CGGCCTACCT GGCATTCTG-30, (reverse) 50-AATCAGGTGT-
TACTTGACCTTGC-30; Gapdh (forward) 50-AGC AGGCATCT-
GAGGGCCCA-30, (reverse) 50-TCCCAACTCGGCCCCCAACA-30.
The following canine-specific primers were used: Pde5A
(forward) 50- ATACTTGCCCTGCTGATTGCTGCT C-30, (reverse)
50-TGTTGAATAGGCCACGGTTTTGTAATG-30; Trpc3 (forward) 50-
CAAGCTGGCCAACAT AGAGAAGGAGT-30, (reverse) 50- CAAG-
CAGGCCCAGGAATATGATGAAAGAAG-30; Trpc6 (forward) 50-AT
GATATGGGCCGAATGTAAAGAA AT-30, (reverse) 50-TGCGCCAA
TGTAGTA GGAGTAGAGG -30; utrophin (forward) 50- AAACA
TCCTCGGCTTGGCTACC-30, (reverse) 50- AG GAGTTTGGCTTCT
GCGATGAG-30; Gapdh (forward) 50-ATGGTGAAGGTCGGAGTC
AACG-30, (reverse) 50-GAAGATGGAGATGGACTTCCC-30. Poly-
merase chain reaction products were run on 2% agarose gels
and imaged with the G:Box Chemi IR6 imaging system
(Syngene). Values were normalized to Gapdh and reported
relative to respective control samples.

Statistical Analysis
Statistical analysis in studies involving mdx mice was
performed using the Student t test, 1-way ANOVA (Tukey
honest significant difference post hoc tests), or linear
regression, as appropriate (a=0.05). Functional data from
GRMD studies were analyzed using the Welch t test (unequal
variance), with results of P<0.20 reported with Cohen’s d and
the Pearson correlation coefficient (r) to show effect size of
treatment. GRMD biochemical data were reported with

Cohen’s d. All outcomes reported in this study were expected
to have normal distributions.

Results

Tadalafil Modifies b1-Adrenergic Response in mdx
Mouse Hearts
Male mdx mice began tadalafil treatment (0.1 mg*mL�1

supplemented in drinking water) at age 4 weeks. After no
adverse effects were observed during 8 months of treatment,
we investigated the ability of tadalafil to protect the mdx heart
from a challenge with the b1-adrenergic agonist dobutamine,
which causes exacerbated cardiac dysfunction in the absence
of dystrophin.18,19 This experiment, outlined in Figure 1A,
revealed that although no difference in ejection fraction or
fractional shortening existed at baseline (Figure 1B), tadalafil
significantly blunted elevation of both ejection fraction and
fractional shortening induced by the dobutamine infusion
(Figure 1C). Interestingly, the dobutamine challenge increased
tadalafil’s target protein, PDE5, which is undetectable by
immunoblotting in nonstimulated mdx hearts (Figure 1D).
Although PDE5 protein levels were not significantly different
between control and tadalafil treatment (Figure 1D and 1E),
Pde5 gene expression was elevated by dobutamine adminis-
tration only in the absence of tadalafil (Figure 1F). This
suggests there may be a pool of posttranscriptionally
repressed Pde5 that is responsive to acute stress.

Although there were no changes in the content of PKG1a
(the primary intracellular effector kinase of increased cGMP
due to PDE5 inhibition), we observed significant increases in
phosphorylation of the PKG target GSK1b and depressed
phosphorylation of ERK1/2, a mediator of cardiac pathology,
in tadalafil-treated hearts (Figure 1D and 1E). Dobutamine-
induced loss of SERCA2 occurred in control but not in
tadalafil-treated animals, with the change in fractional short-
ening (depicted in Figure 1C) inversely correlated with
SERCA2 content (Figure 1G). This suggests that preservation
of SERCA2 may have a role in the reduced dobutamine-
induced inotropy caused by tadalafil treatment. No changes in
content of measured proteins were found between untreated
and tadalafil-treated hearts in the absence of dobutamine.

Because cTnI, another direct target of PKG1a kinase
activity, also modifies inotropy,20,21 we evaluated phosphory-
lated cTnI levels as a protective mechanism. Indeed, dobu-
tamine infusion depressed phosphorylated cTnI levels in
nontreated hearts; however, this was due to loss of cTnI rather
than to a change in phosphorylation (Figure 2A and 2B). Both
SERCA2 and cTnI are targets for intracellular proteases known
as calpains,22,23 thus we looked for loss of other known calpain
targets. The sarcomere-associated proteins phospholamban
and actin were both degraded in dobutamine-stressed controls
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Figure 1. Tadalafil (Tad) protects mdx hearts from stress induced by dobutamine (Dob). Male mdx mice were control or treated with Tad (n=6) for
8 months, underwent a Dob stress test (A), and were evaluated by echocardiography. B, Baseline echocardiograph measures of ejection fraction and
fractional shortening in control and Tad-treatedmdxmice. C, Dob induced changes in ejection fraction and fractional shortening (indicated as percentage
change from baseline measurement). Representative blots (D) and quantification (E) of phosphodiesterase type 5 (PDE5), cyclic guanosine
monophosphate–dependent kinase 1a (PKG1a), phospho–glycogen synthase kinase 3b (p-GSK3b) and total GSK3b, phospho–extracellular signal–
related kinase 1/2 (p-ERK1/2) and total ERK1/2, and sarco/endoplasmic reticulumCa2+-ATPase 2 (SERCA2) protein content, as normalized to Ponceau
Redstaining anddisplayedas arbitrary units (AU) in relation toDobonly values.. Values are representedasmean�SEM;*P<0.05 vsDob-only treatment. F,
Pde5 gene expression in control and Tad-treatedmdx hearts in response toDob stress, as determined by reverse transcriptase polymerase chain reaction
usingGapdhasanormalizationcontrol. Valuesare indicatedasmean�SEM;*P<0.05vsbothgroups (Tukeyhonest significantdifferencepost hoc test).G,
Preservation of SERCA2 levels shows significant inverse correlation to the Dob-induced change in fractional shortening during the stress test.
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(Figure 2A); therefore, preservation of contractility-related
proteins by tadalafil could be due to modulation of protease
expression and activation. Accordingly, we found the presence
of l-calpain (also known as calpain 1), a protease that largely
targets sarcomere-associated proteins,24 to be elevated with
dobutamine stress, although it was significantly lower in the
tadalafil-treated hearts (Figure 2B). These data presented a
model in which transient cardiac stress in the dystrophic heart,
such as that induced by adrenergic stimulation, increased
PDE5 content and expression, thereby reducing cGMP content
and ultimately leading to cardiac dysfunction by increased
proteolysis of sarcomeric proteins. The basis for tadalafil’s
protective effect likely involves the prevention of damage from
transient stressors such as adrenergic responses.

Tadalafil Delays Cardiomyopathy in GRMD Dogs
Although the previous experiment revealed that tadalafil can
protect dystrophic cardiomyocytes from stress-induced

dysfunction, we sought to investigate whether prophylactic
tadalafil administration can truly delay the onset of dystrophic
cardiomyopathy. Because mdx mice display mild, late-onset,
and non–lifespan-limiting cardiac pathology, we chose to test
this hypothesis in GRMD dogs, which exhibit DMD-like
cardiomyopathy that is usually detectable by age 1 year and
is often the cause of mortality. Dogs began daily tadalafil
treatment at age 9 months and were evaluated by echocar-
diography at ages 18, 21, and 25 months. Prior to treatment,
there were no functional differences between the untreated
and tadalafil-treated groups; however, tadalafil preserved LV
systolic function at an age when untreated animals began to
lose function in terms of fractional shortening (Figure 3A) and
ejection fraction (Figure 3B). Although both measures demon-
strated significant effects in the treated versus untreated
dogs at 18 and 21 months, the 25-month measurement
appears to show only modest improvement. The treated
cohort began exhibiting functional decline at this time point,
whereas the apparent decrease in effect was largely due to
the sudden death of an untreated dog with substantial
cardiomyopathy at age 20 months, potentially from cardiac
arrhythmias (but not documented). The difference between
the treated and untreated groups at both the 21- and 25-
month time points would likely have been greater if not for
this death. In addition, aortic peak flow velocity (Figure 3C)
was improved compared with untreated controls at
18 months, with strong trends at 21 and 25 months.
Importantly, RV systolic function was also preserved with
tadalafil; pulmonary arterial peak flow velocity was higher than
values for untreated controls at 21 and 25 months (Fig-
ure 3C). This finding suggests that a possible additive benefit
of PDE5 inhibition is reduced pulmonary hypertension, a
cause of RV dysfunction. LV diastolic function (Figure 4A
through 4C) was also better preserved with tadalafil treat-
ment, as shown by a better preserved ratio of early passive
filling velocity of the LV to the atrial-dependent active filling
velocity (significant at 25 months; Figure 4A). This measure
indicates diastolic function by comparing the early passive
filling velocity of the LV and the atrial-dependent active filling
velocity, whereas decreased early passive filling velocity can
indicate reduced LV compliance. Tadalafil improved early
passive filling velocity at 21 and 25 months rather than
reduced atrial-dependent active filling (Figure 4B). Isovolu-
metric relaxation time (Figure 4C) was also less than that for
untreated controls at 21 months; however, it is not likely to
entirely account for the improvements in early passive filling
velocity. Tadalafil had no effect on body weight, LV wall, or
chamber dimensions. Together, these data demonstrate
strong positive effects on the maintenance of GRMD cardiac
function by tadalafil.

Magnetic resonance imaging was also performed at ages
18 and 25 months to evaluate the peak circumferential

Figure 2. Tadalafil (Tad) decreases l-calpain levels and proteol-
ysis of sarcomeric proteins induced by dobutamine (Dob) in mdx
hearts. Representative blots (A) and quantification (B) of phospho–
cardiac troponin I (p-cTnI) and total cTnI, phospholamban (PLB),
a-actin, and l-calpain from control and Tad-treated mdx hearts that
underwent the Dob stress test. Protein content was normalized to
Ponceau Red staining and displayed as arbitrary units (AU) relative
to Dob only values. Values are represented as mean�SEM;
*P<0.05 vs Dob-only treatment.
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myocardial strain of the LV, a very sensitive measure of
myocardial distress.25 For these measurements, the magnetic
resonance image of the complete LV wall was partitioned into

6 segments (Figure 5A). At 18 months (Figure 5B), tadalafil-
treated dogs showed improved circumferential myocardial
strain values than untreated dogs in the anterior segment of
the interventricular septum (segment 2). The majority of the
LV free wall, however, did not trend in either direction with
tadalafil. At 25 months (Figure 5C), segment 2 remained

Figure 3. Tadalafil preserves systolic function in golden
retrievermuscular dystrophy (GRMD) hearts. Systolic parameters,
as measured by echocardiography, of untreated and tadalafil-
treated GRMD dogs (starting at 9 months; n=3 per group, except
for 2 for controls at 21 and 25 months due to the death of 1 dog at
20 months) include left ventricular fractional shortening (A) and
ejection fraction (calculated from fractional shortening assuming
normal ventricular proportions) (B). Tadalafil treatment initiation is
indicated by the arrow, and the values for healthy dogs aged 2
years is represented by the bar labeled “Normal”. Aortic and
pulmonary arterial peak flow velocity measurements (C) were also
performed. All values and individual values are presented, and
group values are represented as mean�SD.

Figure 4. Diastolic function is maintained in tadalafil-treated
golden retriever muscular dystrophy (GRMD) hearts. A, Improved
diastolic function, as determined by left ventricular (LV) early/late
mitral valve inflow ratio (E/A) and annulus motion (E0/A0). B, This
diastolic improvement is due to increased early (E), not reduced
late (A), LV filling velocity. C, LV isovolumetric relaxation time (IVRT)
improvements were also evident. All values and individual values
are presented, and group values are represented as mean�SD.
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significantly better in tadalafil-treated dogs; however, the free-
wall segments trend toward being worse, thus agreeing with
echocardiogram data suggesting that tadalafil-treated hearts
were in a state of functional decline at this time point. In
addition, untreated dogs showed no signs of improvement at
25 months, although echocardiographic data suggested this
may be the case.

Tadalafil also improved GRMD cardiac histopathology.
Masson’s trichrome staining of the LV, interventricular
septum, and RV (Figure 6) revealed that at age 25 months,
untreated GRMD LV (approximately segments 5–6) and
interventricular septum (approximately segment 2–3) were
largely characterized by disorganized cardiomyocytes, promi-
nent myocardial interstitial and perivascular fibrosis, and large
fibrous or fat deposits throughout the myocardium, whereas
the RV showed substantial myocardial deterioration and

fibrous/fat deposition. Tadalafil reduced most signs of
pathology, with comparatively mild perivascular fibrosis being
the prominent feature in the LV and interventricular septum
and perivascular-restricted fibrous/fat deposition in the RV,
thus agreeing with the functional benefits of tadalafil treat-
ment for dystrophic myocardium. Reductions in fibronectin
levels in tadalafil-treated LVs (Figure 7B) agree with this
observed difference in fibrosis.

Modulated TRPC6 and Protease Content in
Tadalafil-Treated GRMD Myocardium
In a recent report, Seo et al26 demonstrated that both genetic
deletion of the nonspecific cation channel TRPC6 and
sildenafil provide nearly equivalent protection against acute
stretch-induced arrhythmias, an effect of calcium dysregula-
tion in isolated mdx cardiomyocytes, suggesting that PDE5
inhibition deactivates TRPC6 permeability, thereby reducing
TRPC6-mediated Ca2+ influx. This effect is likely a result of
PKG-dependent phosphorylation of TRPC6 on Thr69 (in mice;
Thr70 in humans and dogs).27,28 Although LV gene expression
of Pde5a did not change with tadalafil treatment (protein
levels were undetectable by immunoblot), expression of both
Trpc3 and Trpc6 cation channels trended toward a decrease in
expression in the LV of treated GRMD dogs (Figure 7A). In
agreement, immunoblotting of LV lysates demonstrated that
TRPC6 was reduced at the protein level (Figure 7B) and
contained �25% more total Thr phosphorylation, as deter-
mined by immunoprecipitation (Figure 7C), with tadalafil
treatment. Although PKG-mediated modulation of TRPC3
activity via phosphorylation of Thr11 is another potentially
beneficial mechanism,29 its protein level could not be
detected by direct loading in any sample, and immunoprecip-
itation experiments revealed that total Thr phosphorylation
status of TRPC3 decreased >50% from untreated GRMD LV
lysate. These results further strengthen the role of TRPC6 in
the dystrophic myocardium phenotype in that reduction of
content and increased phosphorylation are concomitant with
phenotype improvement.

Protease content was also different between treated and
control GRMD LV samples. In these hearts, which represent a
basal state (as opposed to the stressed mdx in the previous
experiment) of the GRMD heart at 25 months, levels of
l-calpain were relatively unchanged; in contrast, content of
m-calpain, a predominantly peripheral protease, were strongly
reduced with treatment (Figure 7B). Unchanged content of
the sarcomeric protein cTnI coincident with reduced cleavage
products of the structural/peripheral proteins a-spectrin
(150 kDa), a-actinin (80 kDa), integrin b1 (75 kDa), and
dysferlin (80 kDa)30–33 in the tadalafil-treated hearts corrob-
orated the concept of lower levels and activity of peripheral
m-calpain in these nonstimulated dystrophic hearts. We did

Figure 5. Cardiac magnetic resonance imaging (MRI) segmental
peak circumferential myocardial strain (ecc) improved with tadalafil.
Segmental MRI of the golden retriever muscular dystrophy
myocardium (segmentation depicted in A) reveals differences in
ecc between untreated and tadalafil-treated dog hearts at 18 (B) and
25-month (C) evaluations. All values and individual values are
presented, and group values are represented as mean�SD.
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not, however, note changes in PKG1a content or the
phosphorylation status of GSK3b or ERK1/2, although a
decrease in ANP and modest increases in endothelial and
neuronal nitric oxide synthases were seen (Figure S1A).

In accordance with reduced m-calpain content and activity
in these long-term tadalafil-treated hearts, we found an
increase >80% in the content of utrophin (Figure 7B), a known
calpain target34 that can functionally replace dystrophin in
mdx mice.35 Immunofluorescence of frozen LV sections
demonstrated that under identical imaging conditions, sar-
colemma-localized utrophin was increased in both untreated
and tadalafil-treated hearts compared with healthy dog levels,
with the treated samples demonstrating stronger sarcolem-
mal staining than the untreated samples (Figure 8). The lack

of difference in utrophin gene expression (Figure S1B and
S1C) suggested that this enhancement of utrophin protein
levels was likely from decreased proteolysis rather than gene
upregulation.

To address whether these observations at 25 months
in tadalafil-treated GRMD hearts were age- or decline-
dependent, we evaluated LV samples from treated and
untreated GRMD dogs aged 8 months (1 dog per treatment),
which is prior to detectible onset of cardiac functional decline.
At 8 months, the tadalafil-treated LV demonstrated lower
TRPC6 andm-calpain levels concomitant with reduceda-actinin
cleavage product and increased utrophin content (Figure 9A).
As in the 25-month cohort, the tadalafil-treated LV demon-
strated more sarcolemmal utrophin than the control dog

Figure 6. Tadalafil reduces histopathology in golden retriever muscular dystrophy (GRMD) hearts.
Representative images of Masson’s trichrome–stained left ventricle (LV), interventricular septum (IVS), and
right ventricle (RV) from untreated and tadalafil-treated GRMD dogs at 25 months.
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(Figure 9B) and reduced signs of myocardial pathology (as
shown by hematoxylin and eosin staining). Tadalafil-induced
increases in c-sarcoglycan levels and sarcolemmal localization
(Figure 9A and 9B) suggested that the observed increases in
utrophin coincide with other dystrophin–glycoprotein complex
members.

We found no trends in content of the RNA binding protein
KSRP or the cytoskeleton-regulating GTPaseRhoA (Figure S1D),
both posttranscriptional regulators of utrophin,36–38 that would
suggest that they are involved in the tadalafil-induced elevation
of utrophin. The expression pattern of MMP2 and MMP9
(Figure S1F), additional proteases that may be capable of
targeting dystrophin–glycoprotein complex members,39,40 do
not support their involvement in this phenomenon, although
MMP2 activation appears to be a marker of cardiomyopathy
onset in GRMD hearts. Tadalafil does not affect utrophin
content of mdx hearts following either short-term (10 weeks)
or long-term (8 months) treatment (Figure S1E). Together,
these data suggest that in addition to protection from
intermittent acute stressors (demonstrated earlier), tadalafil
delays GRMD cardiomyopathy by constitutive decrease of
TRPC6 permeability by both reduction and deactivation of
channels, leading to lower m-calpain content and activity, and
results in decreased proteolysis of peripheral and structural
proteins, particularly utrophin, in the unstimulated heart,
thereby enhancing sarcolemmal stability.

Elevation of TRPC6 and m-Calpain in DMD Heart
The above-mentioned data implicate modulation of both
TRPC6 and m-calpain in the beneficial effect of tadalafil on
GRMD cardiomyopathy, thus we sought to verify that these
targets are increased in DMD patient myocardium, as in
GRMD LV (Figure S1G). Indeed, TRPC6, m-calpain, and the
cleavage products of both a-actinin and integrin b1 were all
increased in the DMD heart, whereas l-calpain remained
unchanged (Figure 10). In addition, we found strong increases
in utrophin in the DMD heart, as reported previously41 and
consistent with both GRMD and mdx models of DMD
(Figure S1H). We cannot, however, speak to the potential
variance of these proteins within the DMD population. These
data suggest that the beneficial effects of tadalafil by
modifying TRPC6 and m-calpain will likely translate to DMD
patient hearts.

Tadalafil Improves Histopathology of GRMD
Skeletal Muscle
Because PDE5 inhibition has been effective in improving the
phenotype of dystrophic skeletal muscle in numerous mouse
studies,42–44 we evaluated the histopathology of untreated
and tadalafil-treated GRMD diaphragms and quadriceps

Figure 7. Tadalafil (Tad) modulates TRPC6 and protease levels and
activity in golden retriever muscular dystrophy (GRMD) left ventricle
(LV). A, Gene expression of Pde5, Trpc3, and Trpc6 in control and Tad-
treatedGRMDLV (normalized toGapdh anddisplayedasarbitrary units
(AU) relative to untreated GRMD values). All values and individual
values are presented, and group values are represented as mean�SD.
Representative blots of Tad-induced changes in TRPC6, l-calpain, m-
calpain, cardiac troponin I (cTnI), spectrin 150-kDa cleavage product,
a-actinin 80-kDa cleavage product, integrin b1 75-kDa cleavage
product, dysferlin C72 fragment, full-length utrophin, and fibronectin
protein content (B), along with percentage difference between
untreated and treated values (Cohen’s d shown to display effect size).
PonceauRed staining is usedas a loading control. C, TRPC6and TRPC3
immunoprecipitation (IP) results for phosphorylated threonine (p-Thr)
with blot density quantified as phopho- to total (p/t) protein ratio.
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muscles from the 25-month cohort of the present study. In
agreement with these previous reports, we saw substantial
improvements in tissue morphology, including reduced
perivascular and endomysial fibrosis, preserved muscle
architecture, and more homogeneity of myofiber size and
shape (Figure 11). This evidence suggests that tadalafil also
protects GRMD skeletal muscle from severe dystrophic
pathology.

Discussion
Cardiomyopathy is emerging as the leading cause of death
among DMD patients. Efficacious treatment options to
improve both the quality and quantity of life of present-day
DMD patients is a critical clinical need. We reported data
demonstrating that daily prophylactic tadalafil administration

effectively delays cardiomyopathy onset in a large-animal
model of DMD that recapitulates many aspects of the human
disease. We provided evidence that this is achieved by 2
mechanisms: (1) inhibition of stress-induced elevations in
PDE5 that cascade into protease-mediated dissolution of
sarcomeric proteins and (2) inhibition of basal PDE5 activity
that reduces abundance and activity of TRPC6 and m-calpain,
resulting in decreased proteolysis of key structural proteins,
including utrophin. Because tadalafil is currently approved
for other indications and has been studied in a phase III trial
for precardiomyopathic DMD patients, it can be evaluated
rapidly as a treatment standard to combat DMD-associated
cardiomyopathy.

Clinical manifestations of cardiomyopathy in DMD typically
begin in the second decade of life, characterized by prominent
LV dysfunction and spontaneous arrhythmias that are often

Figure 8. Sarcolemmal localization of utrophin in golden retriever muscular dystrophy (GRMD) left ventricle (LV) is increased by tadalafil.
Immunofluorescent detection of utrophin and laminin in the LV of frozen sections from a healthy dog, an untreated GRMD dog, and a tadalafil-
treated GRMD dog demonstrates that elevated utrophin levels found with tadalafil treatment are localized to the sarcolemma with greater
homogeneity than in untreated samples. Scale bars represent 50 lm. ROI indicates region of interest.
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attributed to sudden death.45 That is not to say, however, that
cardiac damage begins at this stage. In a real-life scenario,
DMD patients—particularly if still ambulatory—are engaged
in physical activity or experience emotional stress or excite-
ment that results in transient bouts of sympathetic stimula-
tion of the heart. Because the dystrophic heart is susceptible
to damage during adrenergic stimulation,3,18,19,46 acute
damage is possible during each stimulatory event, potentially
accumulating toward clinical cardiomyopathy later in life.
Tadalafil may be effective at preventing cardiomyopathy in
patients by abrogating the damage incurred during these
events. This, coupled with improved maintenance of utrophin,
would lead to less cardiac damage.

As shown by dobutamine infusion in mdx mice, tadalafil
attenuates b1-adrenergic stimulation of cardiac contractility,
thereby reducing energy demands on the stimulated heart; this
is particularly important because of the altered energy
substrate usage of dystrophic hearts.3 The rapid increase in

PDE5 translation during the dobutamine challenge appears to
be key in this process and is the first indication of increased
PDE5 in the dystrophic heart. Although the increase in Pde5
gene expression is blocked by tadalafil, the increase in PDE5
translation is not significantly affected by tadalafil. This
indicates that some degree of contractility escalation is
subsequent to PDE5-dependent hydrolysis of cGMP. In fact,
the increase in PDE5 activity appears to lead to a cascade of
events resulting in the increase of l-calpain and subsequent
degradation of a number of proteins involved in contractility,
notably SERCA2, which removes Ca2+ from the cytosol.
Consequently, the cytosolic Ca2+ load of the cardiomyocytes
continues to increase, allowing the heart to progress toward
damaging dysfunction and/or arrhythmias.26,47 We suspect
that activation of TRPC6 is amajor player in initiating this PDE5-
medated cascade; however, difficulties in the measurement of
murine TRPC6 leave us unable to draw that conclusion from
this study.

Figure 9. Effects on TRPC6, m-calpain, and utrophin that are induced by tadalafil (Tad) occur prior to onset of golden retriever muscular
dystrophy (GRMD) cardiomyopathy. A, Immunoblots of TRPC6, l-calpain, m-calpain, a-actinin 80-kDa cleavage product, utrophin, and
c-sarcoglycan at 8 months in untreated and Tad-treated GRMD left ventricle (LV). Ponceau Red staining was used as a loading control. B,
Representative immunofluorescent (IF) images of utrophin and c- sarcoglycan and images of GRMD LVs at 8 months stained with hematoxylin
and eosin (H&E). Scale bars represent 100 lm.
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We chose the GRMD model of DMD to test the prophy-
lactic efficacy of tadalafil on delaying cardiomyopathy
because this model better recapitulates the severity of the
cardiomyopathy seen in DMD compared with mdx mice, which
show clinical signs of cardiomyopathy typically after age
12 months.48 We observed that LV dysfunction was promi-
nent in untreated GRMD dogs by age 18 months, with
cardiac-associated mortality occurring as early as 20 months,
as was the case for 1 control in this study. Daily adminis-
tration of tadalafil prior to the onset of cardiac functional
decline preserved LV systolic function (ie, ejection fraction
and fractional shortening) and diastolic function, especially as
noted in the transmitral blood flow pattern. Improvements in
GRMD heart histopathology resulted from the treatment, as
evaluated with Masson’s trichrome staining, and correlated
well with the functional improvements detected by echocar-
diography and magnetic resonance imaging. Because reduc-
tions in fibrosis and adipose infiltration were clearly evident,
the observed preservation of LV wall compliance likely results
from less fibrosis; however, we cannot rule out other potential
modifiers of LV stiffness, such as titin modifications,49,50

which could also contribute to functional improvement.
Interestingly, the preserved systolic function and improved

histopathology of the RV may indicate a secondary effect of
PDE5 inhibition by tadalafil to be a reduction in pulmonary
hypertension (another indication intended for sildenafil),
resulting in less stress experienced by the RV.

Similar to the unstimulated mdx heart, PDE5 is not readily
detectable by immunoblotting in basal GRMD LVs; however,
differential content and phosphorylation of TRPC6 and
content and activity of m-calpain between the 2 treatments
suggest that basal levels of PDE5 have a functional impact on
GRMD hearts. In the absence of stress, PDE5 is primarily
localized to the Z-disk8 and scavenges cGMP from predom-
inantly intrasarcomeric pools of soluble guanylyl cyclase.51 It
appears that this basal PDE5 activity is sufficient to modulate
both TRPC6 and m-calpain. These suppositions are based on
the report of Seo et al,26 who showed that the protective
effect of sildenafil on stretch-stimulated Ca2+ overload and
arrhythmias of dystrophic mouse heart involved TRPC6
channels. This effect is likely from inhibition of TRPC6 by
phosphorylation of Thr69 (Thr70 in humans and dogs) by PKG,
resulting in decreased ion permeability.27,28 Similarly, we
found that long-term tadalafil treatment decreased both gene
expression and protein content of TRPC6 and showed an
increase in unspecific phosphorylated Thr status of TRPC6.
Less expression and activation of these channels in car-
diomyocytes leads to reductions in dystrophy-associated Ca2+

dysregulation, thereby improving the phenotype through
what appears to involve m-calpain in the unstimulated
heart. In addition, deactivation and downregulation of TRPC6
in cardiac fibroblasts may prevent their differentiation toward
myofibroblasts.52

An unexpected result of tadalafil treatment was the robust
increase in utrophin levels in the GRMD LV. Utrophin is a
structural ortholog of dystrophin that can replace dystrophin
in the dystrophin–glycoprotein complex, restore the mechan-
ical cytoskeleton–extracellular matrix connection, and func-
tionally rescue dystrophin-deficient skeletal muscle.35 Robust
myocardial utrophin upregulation is found in mdx hearts53;
however, its lack of increase in GRMD hearts has been
attributed to the more severe cardiac phenotype in the canine
species.46 We found that tadalafil-induced increase in GRMD
utrophin is localized to the sarcolemma, occurs prior to the
onset of cardiac functional decline, and is likely caused by
decreased proteolysis by m-calpain. This myocardial utrophin
increase may provide benefit not only by protecting the
membrane from damage but also by improving conduction
abnormalities by correcting Nav1.5 dysregulation.54 The
failure of tadalafil to have the same effect on utrophin in
mdx heart could be related to its levels already being
stabilized by lack of protease expression or activation in the
milder mouse dystrophy. In the severely affected GRMD
hearts, tadalafil can spare utrophin from increased degrada-
tion. We also demonstrated that that both TRPC6 and

Figure 10. TRPC6 and m-calpain are elevated in
Duchenne muscular dystrophy (DMD) patient
myocardium. Immunoblotting of TRPC6, l-calpain,
m-calpain, a-actinin 80-kDa cleavage product, inte-
grin b1 75-kDa cleavage product, and utrophin in
control and DMD patient myocardium. Ponceau
Red staining was used as a loading control.
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m-calpain were increased in the myocardium of DMD patients,
suggesting that the GRMD treatment effects can translate to
DMD patients.

The published clinical study with the short-acting PDE5
inhibitor sildenafil showed no efficacy in the DMD patients
who were treated10; however, those patients had decreased
cardiac function on treatment initiation. The present data
strongly support the prophylactic use of tadalafil to counter
cardiomyopathy in DMD patients rather than treatment after
pathology and functional decline are evident.

The recently completed trial of tadalafil in DMD (Clini-
calTrials.gov identifier NCT01865084) was performed in
young ambulatory patients who were presymptomatic in
terms of cardiomyopathy. Unfortunately, that trial did not
demonstrate efficacy for its primary end point, the 6-minute
walk test. This is unfortunate because it would have been of
great interest to follow the cardiac status of those patients as
they approached the age of onset of cardiac symptoms, had
they remained on the drug. The anticipated mechanism in the
ambulatory trial, suggested by a combination of animal and
human studies,12,42,43 was to improve blood flow to exercising
leg muscles by amplifying deficient nitric oxide signaling to
vascular smooth muscle, thus preventing ischemia and
preserving muscle. Although our dog studies did not focus

on skeletal muscle function, we examined histology of
diaphragm and quadriceps muscles from treated and
untreated animals. As shown in Figure 11, histology was
improved. Consequently, it is unclear whether the patient
population was simply not active enough to have ischemia
play a role in disease pathology or whether there was not
sufficient PDE5 activity in advanced-stage limb muscles to
provide an adequate drug target.

The significance of this work may go beyond dys-
trophinopathy. The promising results with PDE5 inhibition in
animal models have failed to translate into benefit for human
DMD patients10 or for human heart failure.55 In these previous
trials, PDE5 inhibition was initiated at late stages of disease
progression. For idiopathic cardiomyopathies, treatment ini-
tiation during early stage disease could have a similar impact
of slowing disease progression, as we observed in our GRMD
dogs with early stage disease. In all forms of cardiomyopathy,
the improved intracellular calcium status and decreased
TRPC6 expression and activation that results will potentially
decrease protease expression and activation (m-calpain in this
instance), which potentially has a number of deleterious
targets beyond utrophin, such as dystrophin in advanced
heart failure.56 PDE5 inhibition may translate broadly as a
treatment to slow the progression of a number of forms of

Figure 11. Skeletal muscle histopathology improved by tadalafil treatment. Representative images of
Masson’s trichrome–stained diaphragm and quadriceps from untreated and tadalafil-treated golden
retriever muscular dystrophy (GRMD) dogs at 25 months. Scale bars represent 100 lm.
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cardiomyopathy if initiated early rather than in late-stage
disease.
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Figure Legend: 

 

Figure S1. Protein content of markers in tadalafil-treated dystrophic hearts. 

Immunoblotting quantifications for PKG1α, GSK3β, ERK1/2, SERCA2, ANP, eNOS, and nNOS 

(A; normalized to Ponceau Red staining).  Utrophin gene expression in untreated and tadalafil 

(Tad)-treated 25 mo GRMD LV (B&C).  Immunoblotting for utrophin post-transcriptional 

regulators, KSRP and RhoA in 25 and 8 mo GRMD LV (D), and matrx metalloproteinase (MMP) 

2 and 9 (F) in untreated and tadalafil treated GRMD dog LV.  Utrophin immunoblotting in short 

(10 weeks) and long-term (8 months) Tad-treated mdx hearts (E).  TRPC6 and m-calpain levels 

in normal and GRMD dog LV samples (G). Dystrophin and utrophin content in normal and 

GRMD dog LV samples and C57BL/10 and mdx mouse hearts (H).  Values are represented as 

mean ± SD; *p < 0.05 vs. control values.   
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