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Numerous therapeutic approaches for Duchenne and Becker Muscular Dystrophy (DMD and BMD), the most common X-linked muscle
degenerative disease, have been proposed. So far, the only one showing a clear beneficial effect is the use of corticosteroids. Recent
evidence indicates an improvement of dystrophic cardiac and skeletal muscles in the presence of sustained cGMP levels secondary to a
blocking of their degradation by phosphodiesterase five (PDE5). Due to these data, we performed a study to investigate the effect of the
specific PDE5 inhibitor, tadalafil, on dystrophic skeletal muscle function. Chronic pharmacological treatment with tadalafil has been carried
out in mdx mice. Behavioral and physiological tests, as well as histological and biochemical analyses, confirmed the efficacy of the therapy.
We then performed a microarray-based genomic analysis to assess the pattern of gene expression in muscle samples obtained from the
different cohorts of animals treated with tadalafil. This scrutiny allowed us to identify several classes of modulated genes. Our results show
that PDE5 inhibition can ameliorate dystrophy by acting at different levels. Tadalafil can lead to (1) increased lipid metabolism; (2) a switch
towards slow oxidative fibers driven by the up-regulation of PGC-1a; (3) an increased protein synthesis efficiency; (4) a better actin
network organization at Z-disk.
J. Cell. Physiol. 9999: 1–9, 2015. © 2015 Wiley Periodicals, Inc.

The numerous studies performed in the field of muscle
degenerative diseases such as Duchenne and Becker muscular
dystrophies (DMD and BMD, respectively) have proposed
different approaches with therapeutic potentialities (Di Certo
et al., 2010; Tedesco and Cossu, 2012; Fairclough et al., 2013;
Konieczy et al., 2013; Kornegay et al., 2014; Berardi et al., 2014;
Jarmin et al., 2014; Strimpakos et al., 2014). Unfortunately, all of
these genetic and cellular approaches are currently far from
having an important impact on the treatment of human patients
affected by dystrophy, and the only treatment showing a clear
beneficial effect for this disease is the use of corticosteroids
(Baltgalvis et al., 2009). Corticosteroids can delay the loss of
motility and improve the ventilatory function of patients.
Unfortunately, corticosteroid therapy has many adverse side
effects and is not feasible for long-term use. For this reason, we
recently investigated the effect of different types of non-
steroidal anti-inflammatory drugs (NSAIDs) on mdx mice. The
results revealed that these compounds have a beneficial effect
on dystrophic muscle morphology that is comparable to
glucocorticoid treatment (Serra et al., 2012). Other molecules
that have shown efficacy in slowing down or arresting the
progression of the disease include nitric oxide (NO) donors
and histone deacetylases inhibitors (HDACi) (Colussi et al.,
2008; Rovere-Rovere-Querini et al., 2013). In dystrophic
patients, a pilot study has been performed to evaluate the
possibility of a combinatorial therapy based on NSAIDs and

NO donor drugs (D’Angelo et al., 2012). In addition, NO is
implicated in the regulation of HDAC signaling, which is
another pathway that is impaired in dystrophic muscles
(Colussi et al., 2008). The main biological target of NO is the
enzyme guanylate cyclase, which generates the second

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

V. De Arcangelis and G: Strimpakos equally contributed to this
work.

Contract grant sponsor: AFM;
Contract grant number: 14353/15586.
Contract grant sponsor: Sapienza University;
Contract grant number: C26A135NE2 .
Contract grant sponsor: FIRB;
Contract grant number: RBAP109BLT.
Contract grant sponsor: FARMM Onlus.

*Correspondence to: Lucia Monaco, Department of Physiology and
Pharmacology, Sapienza University, Rome.
E-mail: lucia.monaco@uniroma1.it

Manuscript Received: 27 March 2015
Manuscript Accepted: 8 June 2015

Accepted manuscript online in Wiley Online Library
(wileyonlinelibrary.com): 00 Month 2015.
DOI: 10.1002/jcp.25075

Journal MSP No. Dispatch: June 11, 2015 CE: Sarmila

JCP 25075 No. of Pages: 9 PE: Adrianne Cook

ORIGINAL RESEARCH ARTICLE 1
J o u r n a l  o fJ o u r n a l  o f

Cellular
Physiology
Cellular
Physiology

© 2 0 1 5 W I L E Y P E R I O D I C A L S , I N C .



U
N
C
O
R
R
E
C
T
E
D
 P

R
O
O
F
S

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

messenger cGMP (Stamler and Meissner, 2001). cGMP
signaling is under the negative control of a family of enzymes
called phosphodiesterases (PDEs) (Conti and Beavo, 2007).
cGMP-specific PDEs include PDE5, PDE6, and PDE9; several
classes of drugs inhibiting these enzymes are already
extensively used in human therapy, and much is known
regarding their toxicology, potential side effects, drug
regimens, and pharmacoepidemiology, as well as regarding
tolerance to their long-term use. PDE5 plays a critical role in
heart physiology (Movsesian et al., 2011). The over-expression
of guanylyl cyclase in mdx mice or treatment with sildenafil
significantly improved heart physiology in dystrophic mice
(Percival et al., 2011). Following PDE5 inhibition, an
improvement of vascular activity in dystrophic mice and a
reduction of skeletal myofibril damage were observed (Asai
et al., 2007; Kobaiashi et al., 2008). Furthermore, Percival et al.
(2012) demonstrated that chronic sildenafil treatment
improves respiratory function in mdx mice by reducing
diaphragm fibrosis. In both murine and fish models of muscular
dystrophy, a beneficial effect was observed following the
sildenafil-mediated up-regulation of the heme oxygenase
signaling pathway (Kawahara et al., 2014).

In patients with BMD, tadalafil treatment ameliorated
muscle perfusion by restoring the sympathetic
vasoconstriction response (Martin et al., 2012), while Witting
et al. (2014) did not observe significant amelioration of muscle
function and blood flow in BDM patients following a 4 weeks
treatment with sildenafil. Here we investigated the molecular
alterations that could possibly contribute to the therapeutic
effects of drugs blocking PDE5 onmdxmice, an animal model of
DMD.

Materials And Methods
Animals

All procedures involving mice were carried out in accordance
with the ethical guidelines for animal care of the European
Community Council (directive 2010/63EU). Dystrophin-
deficient C57BL/10ScSn-DMDmdx/J mice (mdx) and wt mice
from the same mouse strain (Charles River Laboratories
Italia s.r.l.-Calco, Lecco, Italy) were housed under a 12 h light-
dark schedule at a constant temperature, with food and water
provided ad libitum. The tadalafil (Cialis, Ely Lilly and Company,
IN) treatments were started in pregnant mice at 10 days
postcoitum (p.c.) by oral administration through the drinking
water (30mg/kg/day) and were continued in the pups after
birth until 16 weeks of age. At birth, the treated female mice
showed no significant differences in number of pups born per
litter compared with the untreated mice. No growth
differences were observed between the pups given the
treatment or not. Only male mice were used in the different
experiments performed. The animals were sacrificed by carbon
dioxide asphyxiation. After the animals were sacrificed, skeletal
muscle tissues were collected and frozen in liquid nitrogen for
RNA and protein extractions or were mounted in OCT
embedding compound and frozen in liquid nitrogen-cooled
isopentane for histological and immunological studies. All
samples were stored at �80°C.

Treadmill exercise

The running performance assay was carried out using a five-
lane motorized treadmill equipped with an electronic control
unit (Treadmill Model LE8710, PanLab, Barcelona, Spain). For
the running task, the mice were first acclimated with the
treadmill for 2min, after which the treadmill was run at a 12m/
min fixed speed for 5min. After 5min, the speed was increased
by 1m/min every 2min. The test was stopped when the mouse
remained on the shocker plate for more than 5 sec without

attempting to reengage the treadmill. The time to exhaustion
was automatically recorded from the beginning of the test (Di
Certo et al., 2010; Strimpakos et al., 2014). Groups of 10 mice
were used in each test. After the treadmill performance test,
five mice were intraperitoneally injected with 1% Evans blue
dye solution in saline buffer. Twenty-four hours later, the
muscle specimens were collected and processed for
histological analysis by fluorescence microscopy. Color images
were captured using a digital camera.

Contractile activity

The muscle force was measured in isolated extensor digitorum
longus (EDL) and diaphragm muscles (Di Certo et al., 2010;
Strimpakos et al., 2014). Dissected muscles were mounted in a
chamber filled with oxygenated Krebs solution maintained at
37°C, were stretched to a tension of 1.0 g and directly
stimulated by single stimulations carried out with rectilinear
pulses of 0.5ms duration at 0.05–0.2Hz (Electric Stimulatore
Digit 3T, Lace Elettronica, Pisa, Italy). Muscle excitability was
examined by increasing the voltage until the supramaximal
voltage was reached. The mechanical activity of the muscle was
isotonically recorded by a strain-gauge transducer (7006
isotonic transducer, Basile, Milano, Italy) and was displayed on a
recording micro-dynamometer (Unirecord 7050, Basile,
Milano, Italy). Groups of muscles from five mice were used in
each test. At the end of the tension recordings, muscles were
subjected to a period of repetitive stimulation. Contractions of
the muscles were elicited by trains of stimuli at a frequency of
40Hz for 250ms every second for 3min. After this repetitive
stimulation, the muscles were incubated in 0.2% Procion
Orange dye in phosphate buffer solution (PBS) for 45min at
30°C. The muscles were washed three times with PBS for
5min, embedded in Tissue-Tek OCT medium (Sakura
Finetechnical, NL), and rapidly frozen in liquid nitrogen-cooled
isopentane. Cross sections were prepared and viewed under a
fluorescent microscope. Color images were captured using a
digital camera.

Morphological analysis

Skeletal muscles frozen inOCT compoundwere sectioned by a
cryostat. Transversal or longitudinal sections were fixed with
paraformaldehyde, permeabilized with 0.1% Triton-X-100,
blocked with 5% BSA–PBS and incubated with primary
antibodies. The specific proteins were visualized using
secondary antibodies coupled to a fluorescent marker
(fluorescein isothiocyanate, FITC or Texas red; Pierce,
Thermoscientific, Rockford, IL). The immunostained samples
were counterstained with 40,60-diamidino-2-phenylindole
dihydrochloride (DAPI, Molecular Probes, Life
TechnologiesQ2) and examined by conventional fluorescence
microscopy (Olimpus BX51; Tokyo, Japan). The images were
captured using a digital camera. The following antibodies were
used: embryonic myosin (eMHC) and sarcomeric myosin MF20
(Developmental Hybridoma Bank, Iowa City, IA); laminin
(Sigma–Aldrich, St. Louis, MO); a-actinin (Sigma–Aldrich, St.
Louis, MO). The actin filaments were detected with
fluorescent phalloidin (Sigma–Aldrich, St. Louis, MO). Evans
blue and Procion orange uptake analyses were performed as
already reported (Di Certo et al., 2010; Strimpakos et al.,
2014).

RNA preparation and analysis

RNA was isolated from the quadriceps muscles. Total RNA
was extracted using TRIzol reagent (Life TechnologiesQ3)
according to the manufacturer’s instructions. Gene expression
profiling was conducted using microarrays. Aliquots of 500 ng
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of total RNAwere labeled with fluorescent probes and utilized
as probes to hybridize to Agilent oligonucleotide microarrays.
TIFF images were analyzed using Genepix Pro 4.0 software, the
signal intensities were log-transformed and normalization was
performed by the intensity-dependent Lowess method.
Analysis of the microarrays was performed using the
GeneSpring GX 11 software with the following conditions:
normalization to the 75th percentile, baseline transformation
to the median of all samples, grouping of replicates and filtering
by expression, and a fold change cut-off of 2.0. Bioinformatics
analysis was performed for the differentially expressed genes
using DAVID Bioinformatics Resources 6.7 (http://david.abcc.
ncifcrf.gov/) (Hang et al., 2009; Huang et al., 2009a).

Quantitative reverse transcription PCR (RT-qPCR) was
performed using the Applied Biosystems set of products. The
cDNA was prepared using the High Capacity cDNA Reverse
Transcription kit; the quantitative real-time RT-PCR was
performed using the SYBR Green PCR Master mix or the
TaqMan Gene Expression Master mix, according to the
protocol for the Applied Biosystems 7500 Real-Time PCR
System. For quantification analysis, the comparative threshold
cycle (Ct) method was used. The Ct values of each gene were
normalized to theCt value of GAPDH and/or Cyclophilin in the
same RNA sample. The gene expression levels were evaluated
by the fold change using the equation 2-ddCt. The primers used
are reported in Supplementary Table 3. The microarray data
are available in the GEO database (GSE62639). (n¼ 3 mice for
microarray; n¼ 5 mice for real time PCR).

G/F Actin measurement

The tissues were homogenized in F-actin stabilization buffer
(50mM PIPES, 50mM NaCl, 1mM ATP, 5mM MgCl2, 5mM
EGTA, 5% glycerol, 0.1% Nonidet P-40, 0.1% Triton X-100,
0.1% Tween 20, 0.1% 2-mercaptoethanol, and protease
inhibitors). The lysates were centrifuged for 1 h at 100,000 g at
37°C to separate the F-actin from the G-actin pool. After
centrifugation, the supernatant, representing the G-actin pool,
was collected and transferred to a new tube. The pellet,
corresponding to the F-actin pool, was resuspended in
solubilization buffer (10mM Tris, pH 8.0, 150mM NaCl, 2%
SDS and protease inhibitors), sonicated, and boiled. Equal
amounts of G-actin and F-actin were separated on a 10% SDS
PAGE gel and processed for the immunoblotting analysis with
an antibody against actin (Clone AC-40, Sigma–Aldrich, St.
Louis, MO) and detected by chemiluminescence (ECL, GE
Healthcare Life Sciences, Buckinghamshire, UK). A
densitometric analysis was performed using the AIDA 2.2
image software, and the optical density of the G- and F-actin
signals were quantified from the scanned blots.

Statistical analysis

The data are presented as the mean� standard deviation (s.d.)
or standard error of the mean (s.e.m.). Statistical significance
between groups was determined using GraphPad Prism
software. The unpaired t-test was performed to assess the
significance; P-values of less than 0.05 were considered
statistically significant.

Results
Muscle recovery

We performed in vitro analyses to document the direct effect
of PDE5 inhibitors on skeletal muscle cells. When the cells
were treated with the specific inhibitor tadalafil at the onset of
differentiation, we detected an increased myotube fusion index
in the myogenic cell lines and primary culture from dystrophic
cells (Supplementary Fig. S1).

For the in vivo experiments, wild type (wt) mice and
dystrophic mdx mice were treated with tadalafil at a dosage
very close to that commonly used in clinical settings. The
pharmacological treatment was started before birth in
pregnant females and was then continued in the pups for
16 weeks. To assess the pharmacological treatment efficacy,
standardized performance behavioral tests for DMD animal
models were performed (Di Certo et al., 2010; Grange, 2013;
Strimpakos et al., 2014). Male mice were treated or not with
tadalafil until the age of fourmonths andwere then subjected to
forced physical exercise on an accelerating treadmill. The
exercise was repeated weekly for one month, and the running
time to exhaustion was recorded in each session. The wt mice
showed the same performance in terms of running time for the
four consecutive trials whether treated or not. The mdx mice
had a drastically reduced running time; however, following the
pharmacological treatment, an improved treadmill
performance was observed in these dystrophic mice (Fig. 1a,
1b). To monitor muscle injury, the mdx and mdx-treated mice
were injected with Evans blue dye at the end of the running
tests, and the dye uptake was visualized by fluorescence
microscopy of histological muscle sections. The number of
Evans blue-positive muscle fibers was clearly decreased in the
mdx mice following tadalafil treatment (Fig. 1c).

Furthermore, we evaluated the effect of tadalafil on
mechanical activity, under resting conditions. Isolated extensor
digitorum longus (EDL) and diaphragm preparations from both
hind limbs of the animals were subjected to in vitro
physiological assessment of muscle force, using variable
voltages until the supramaximal value was reached. Muscle
strength increased in EDL dystrophic muscles in tadalafil-
treated mice compared with untreated mice (Fig. 2a), while
diaphragm muscle contractile function was not considerably
affected by the tadalafil treatment (data not shown). At the end
of the force test, the sarcolemmal integrity of EDL post-
contraction was investigated by evaluating the uptake of
procion orange dye into damaged muscle fibers. The level of
sarcolemmal damage was higher in the mdx muscle compared
with that of the muscle from the mdx-treated mice (Fig. 2b).

A significant recovery from the dystrophic phenotype in
tadalafil-treated mdx mice compared with untreated
littermates was also assessed by histological analysis of muscle
biopsies. H and E staining was performed on cross-sections of
tibialis anterior (TA) muscles. The morphological analysis
showed a reduction in inflammatory cell infiltration, fiber
necrosis and regenerating myofibers; an increased cross-
sectional area in muscle sections from the mdx mice treated
with tadalafil was also observed (Supplementary Fig. S2). The
effects of the tadalafil treatment were also evaluated in mdx
mice, at the age of 30 days, immediately after the onset of the
first and massive wave of muscle wasting. Morphological
analyses revealed comparable results to those observed in
adult mdx mice (data not shown).

Global gene expression analysis

We next investigated whether genome-wide modifications of
gene expression occurred in skeletal muscle tissues following
tadalafil treatment. For this purpose, RNA samples of muscle
tissue from wt and mdx mice treated or not with tadalafil were
prepared and utilized in microarray analyses. The obtained
results indicated that several genes were differently modulated
at a two-fold minimum by the pharmacological treatment
(GEO database, GSE62639). Under resting conditions,
approximately 400 genes were up-regulated and 200 were
down-regulated in the mdx mice compared with the wt mice.
By comparing muscles from the mdx mice treated or not with
tadalafil, 289 genes were up-regulated and 143 were down-
regulated. Bioinformatics analysis of the altered genes under
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resting conditions revealed that these genes are implicated in
several pathways: PPAR signaling, ECM-receptor interactions,
focal adhesion, muscle contraction, and metabolism
(Supplementary Table S1). Concerning NOS signaling, the
major pathway linked to the cyclic GMP system, we observed a
small increase in nNOS mRNA expression following tadalafil
treatment (data not shown).

In both muscles from the mdx versus the wt mice and in
samples from the tadalafil-treated mdx mice versus the
untreated mdx mice, a significant modulation of genes
belonging to the peroxisome proliferator-activated receptor
(PPAR) family was observed (Supplementary Table S2). The
expression of several of these genes was validated by RT-qPCR
(Fig. 3). We found that PPARg, CD36, SCD1, and SCD2 were
down regulated in dystrophic muscles compared with wt
muscles; additionally, tadalafil treatment counteracted this
decreased expression in dystrophic muscles. In vitro
experiments revealed that PPARg levels were also increased in
cultured primary myogenic cells following tadalafil treatment
(Supplementary Fig. S3a).

The PPARg coactivator-1 (PGC-1a) mRNA was increased
in dystrophic tissues following PDE5 inhibition (Fig. 3). This

effect of tadalafil on PGC-1a expression was also evident in
primary myoblast cultures from mdx muscles and was
mediated by cGMP (Supplementary Fig. S3b). PGC-1a has been
demonstrated to improve muscle dystrophy by acting through
multiple molecular pathways (Handschin et al., 2007; Selsby
et al., 2012; Hollinger et al., 2013). PGC-1a acts as a regulator
of mitochondrial biogenesis. Indeed, we observed increased
expression of the mitochondrial DNA-encoded gene COX-1
(Supplementary Fig. S3c) as well as of the NADH
dehydrogenases ND1, NDL4, andNDUFA4L2 (GEO database,
GSE62639).

PGC-1a can also trigger a fiber type switch towards the slow
oxidative type. In cross sections of tibialis anterior muscle from
mdx mice, we observed a 20% increase in the number of slow-
twitch fibers following PDE5 inhibition compared with that in
muscle from untreated dystrophic mice (data not shown). In
agreement with the implicated effects of tadalafil on the slow-
twitch muscle phenotype, we observed an up-regulation of the
muscular gene isoforms characteristic of slow-twitch fibers.
High levels of the slowmyosin isoformMYH7were observed in
tadalafil-treated mdx mice (Fig. 3). Troponin isoforms,
specifically expressed in slow-twitch muscles, were also

Fig. 1. Treadmill trials (a) Single session performance and (b) total running time relative to 4 weekly treadmill trials with the exhaustive
exercise protocol. The values represent the mean þ/� s.e.m. (n¼ 10). �

P< 0.05 in an unpaired t-test. (c) Uptake of Evans blue dye. The blue
signal indicates nuclei, and the red staining detects the uptake of Evans blue dye into the myocytes. Magnification 20x, scale bar represents
100mm. (d) Graph shows the percentage of Evans blue-positive myofibers. At least 10 muscle sections from five treated and not-treated mdx
mice were analyzed. Data represent the mean � s.e.m. �

P< 0.05 indicates statistical significance by the t-test.
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upregulated by tadalafil (Fig. 3). In addition, tadalafil treatment
also increased the mRNA levels of utrophin in muscle samples
from dystrophic mice compared to the control mice (Fig. 3).

The myosin isoform MHY7, which was induced by more
than 10 fold by tadalafil treatment, is also implicated in cardiac
hypertrophy. Other hypertrophic markers such as the
transcript variant four of PGC-1a (PGC-1a-4; Ruas et al.,
2012), FHL-1 D’Arcy et al., 2014) and IGF-1 were found to be
overexpressed in dystrophic muscles following tadalafil
treatment (Fig. 3).

The muscle hypertrophy induced by PDE5 inhibitor involved
protein synthesis, as documented by evaluating the activity of
the p70 S6 kinase; in cultured myotubes an increased activity of
p70 and its target, the ribosomal protein S6, was observed in
the presence of tadalafil (Supplementary Fig. S4).

PDE5 localization and Z-disc organization

Based on previous data indicating restricted localization of
PDE5 at the Z-disc (Nagayama et al., 2008; Mokni et al., 2010),
we focused our studies on Z-disc organization in muscle
sections from mdx and tadalafil-treated mdx mice. The tissue
sections were fixed and labeled with a-actinin to identify the Z-
disc and were then stained with phalloidin to detect actin
filaments. In the wt muscle, a striated pattern of actin filaments
intercalated with a-actinin was observed, whereas the mdx
muscles displayed diffuse actin distribution (Fig. 4a). In
dystrophic muscle treated with tadalafil, we detected better
actin distribution in thicker bands compared with that of
untreated mdx muscles (Fig. 4a). Similar results were obtained

when analyzing heart sections from mdx and tadalafil-treated
mdx (data not shown).

To evaluate whether tadalafil could directly affect actin
dynamics, the G/F actin ratio was assessed byWestern blotting
of the purified G and F actin fractions. In tadalafil-treated mdx
mice, there seemed to be a slight decrease in actin
polymerization (Fig. 4b). Interestingly, we observed reduced
acta-1 gene expression (GEO database, GSE62639). However,
the pool of G actin is under the control of b-actin (Bunnell
et al., 2011). In adult feline cardiomyocytes, cytoskeletal
rearrangement is governed by the specific localization of b-
actin on the Z-disc following hypertrophic stimulation
(Balasubramanian et al., 2010). In terms of b-actin content, we
observed increased b-actin expression in samples from
tadalafil-treated mice compared with mdx mice (Fig. 4c).

Discussion

In this study, we investigated the effect of drugs blocking PDE5
on dystrophic skeletal muscle function. PDE5 inhibitors
improve dystrophic skeletal muscle performance; this effect is
likely due to a direct effect on skeletal muscle as documented
by the modulation of the genomic response of cells. The
microarray studies we performed indicated that more than 200
genes are up-regulated and approximately 140 genes are down-
regulated in dystrophic muscles following tadalafil treatment.
The beneficial effect observed in mdx mice treated with PDE5
inhibitors could be explained by the modulation of different
signaling pathways. The modulated genes fall into the following
categories: PPAR signaling, focal adhesion, and ECM

Fig. 2. Mechanical response of isolated muscles (a) EDL isolated from 4-month-old treated (n¼ 5) and untreated mdx mice (n¼ 5) under
resting conditions; the muscles were stimulated using variable voltage pulses, and the contractile activity was recorded. The values are
reported as the % of the maximal force. Each point represents the mean þ/� s.e.m. (n¼ 10 muscles); �P< 0.05 indicates statistical significance
by the t-test. (b) Procion orange dye uptake in sections of EDLmuscles after the force test. Magnification 20x, scale bar represents 100mm. (c)
Graph shows the mean þ/� s.e.m. area of dye-positive fibers, expressed as the percentage of the total CSA of muscle sections. At least 10
muscle sections from five treated and not-treated mdx mice were analyzed. �

P< 0.05 indicates statistical significance by the t-test.
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organization. We found that the treatment of dystrophic mice
with tadalafil led to an up-regulation, in terms of mRNA, of
ECM and focal adhesion components. This is in contrast with
other studies (Percival et al., 2012), in which decreased collagen
I and fibronectin expression were detected following sildenafil
administration to mdx mice starting at 3 weeks of age, at which
point the disease had already developed. A stronger
extracellular scaffold could better stabilize the sarcolemma
during repeated cycles of contraction and relaxation. A low
level of NOS pathway modulation was observed following

tadalafil treatment. In our experimental conditions, a modest
increase in nNOS transcription and protein expression was
detected in tadalafil-treated mdx mice (personal observation).
Instead, the most significant changes were observed in PPAR
signaling, both betweenmdx andwtmice and betweenmdx and
tadalafil-treatedmdxmice. In themuscle of the tadalafil-treated
mdx mice, we detected increased expression of PPARg, CD36
and other markers of fatty acid metabolism. Although PPARg is
expressed at relatively low levels in skeletal muscle compared
with adipose tissue, is required for skeletal muscle cell

Fig. 3. Changes in gene expression levels RNA was prepared from the quadriceps muscle tissues of the mdx mice treated or not with
tadalafil. The mRNA levels of the indicated genes were measured by RT-qPCR and calculated using the comparative Ct method (2-ddCt). The
mRNA levels in the samples from tadalafil-treated mdx mice are expressed as the fold change compared with the samples from untreated
mdx mice. All values represent the mean þ/� s.e.m. of five different RNA preparations. �P< 0.05 indicates statistical significance by the t-test.
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differentiation and improves insulin sensitivity (Ahmadian et al.,
2013). CD36 acts as a plasma membrane fatty acid transporter
and, as such, can regulate skeletal muscle fatty acid oxidation at
rest and during exercise (McFarlan et al., 2012). ReducedCD36
expression has been observed in the muscles of muscular
dystrophy patients (Forst et al., 1998). SCD1 and SCD2 are
integral membrane proteins of the endoplasmic reticulum and
are implicated in the defective regulation of energy metabolism
present in dystrophic muscle (Stamatikos et al., 2013). The
increased expression of PPARg following tadalafil treatment
seems to be specific to muscle tissue; it was also observed in an
in vitro analysis on cultured myogenic cells. However, we
cannot exclude the effect of contaminating adipose cells
present in the muscle samples. Furthermore, it is important to
mention the recently identified fibro-adipogenic precursors
(FAPS; Boppart et al., 2013), which are resident muscle
interstitial cells that are able to sustain satellite cell
differentiation during an efficient myogenic regeneration by

providing trophic factors. In dystrophic muscles, FAPs follow
the adipogenic lineage that contributes to the advancement of
the disease. This adipogenic potential can be overcome by
HDAC inhibitor treatment (Mozzetta et al., 2013). It is possible
that tadalafil treatment may improve these cells if started
before disease onset; these cells, in turn, can exert beneficial
effects on muscle cells. In any case, the overall effect of tadalafil
treatment is a change in myofiber metabolism. Following
tadalafil treatment, we also observed the up-regulation of
PGC-1a, a coactivator of PPARg. The over-expression of
PGC-1a in mdx mice, as well as the administration of drugs
leading to increased PGC-1a expression such as resveratrol
and AICAR is beneficial for the dystrophic phenotype
(Handschin et al., 2007; Selsby et al., 2012; Ljubicic et al., 2012;
Hollinger et al., 2013; Gordon et al., 2013; Liubicic et al., 2014)
being correlated with a shift towards a greater proportion of
slow-twitch fibers. Therefore, one way by which tadalafil could
exert its beneficial effects on muscle dystrophy is through

Fig. 4. Sarcomeric actin organization (a) Longitudinal cryostat sections from the TA muscles of wt and mdx mice treated or not with
tadalafil were probed with an a-actinin antibody (green). The actin filaments (red) are visualized with phalloidin. A representative analysis out
of the four performed on different animals is shown. Magnification 100x, scale bar represents 5mm. (b) Extracts from the TA muscle of mdx
mice treated or not with tadalafil were separated by ultracentrifugation, followed by Western blotting of the supernatants (corresponding to
G-actin) and pellets (corresponding to F-actin). All values represent the mean þ/� s.d. of four different preparations. (c) b-actin mRNA levels,
as determined by RT-qPCR (n¼ 5). �

P< 0.05 indicates statistical significance by the t-test.
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increased PGC-1a expression, thereby driving an
enhancement of oxidative myofibers, which could compensate
for the loss of functional dystrophin by being more resistant to
contraction-induced damage. Indeed, an increased expression
of slow isoforms of muscle-specific myosins was also detected.

We also observed an increase in the size of myofibers and
the up-regulation of several hypertrophy markers such as the
specific isoform PGC-1a-4 and the LIM protein FHL-1. This
type of tadalafil-induced hypertrophy involves protein
synthesis, as suggested by the increased level of phospho S6
kinase. These results are in accordance with Sheffield-Moore
et al. (2013) that found increased protein synthesis in human
skeletal muscle following sildenafil treatment. In addition,
studies from Crescioli et al. (2013) showed that PDE5
inhibitors behaved similarly to insulin on skeletal muscle cells.

PGC-1a, Sirtuin-l, and AMPK activation, as well as FHL-1,
also led to the up-regulation of utrophin, the autosomal
paralogue of dystrophin (Ljubicic et al., 2012; Gordon et al.,
2013; Liubicic et al., 2014). Tadalafil behaved similarly to these
drugs in mdx mice by increasing utrophin mRNA expression. A
20% increase in utrophin protein expression was detected in
tadalafil-treated samples (data not shown); thus, in a context of
better translation conditions, the increased activity of a certain
transcript that is normally repressed such as utrophin together
with enriched ECM could be beneficial for a stronger
connection between the intracellular cytoskeleton and the
ECM.

A further effect of the treatment with tadalafil could be
observed at the Z-disc. One role of PDE5 at the Z-disc in the
heart has already been reported by Bishu et al. (2011). These
authors observed the phosphorylation of the sarcomeric
protein titin in canine dog hearts following sildenafil treatment
and an improved diastolic myofiber stiffness. In addition to its
structural-mechanical function, the Z-disc also performs an
important cell signaling role by acting as a platform for several
signaling molecules. Tridimensional imaging of the sarcomere
microarchitecture revealed irregularities in dystrophic fibers
without impairments in the actin-myosin interaction (Friedrich
et al., 2010). Interestingly, we found that PDE5 is abundantly
expressed on the Z-disc in dystrophic muscles, and its
expression is reduced following tadalafil treatment. We also
found that the expression of other genes localized at the Z-disc
and implicated in microfilament organization such as myozenin,
tropomyosin four, wasp, was modulated by tadalafil
administration (GEO database, GSE62639). Our studies
revealed that the pharmacological treatment provoked an
improved organization of sarcomeric actin filaments at the Z-
disc, a process analogous to that observed following IGF-1
treatment by Takano et al. (2010). Thus, PDE5 inhibition again
induces some effects resembling those driven by the insulin
signaling pathway.

Currently, a phase 3 study with tadalafil in boys affected by
DMD is underway and it will be completed in 2016 (http://
clinicaltrials.gov/show/NCT01865084). In this scenario, in two
recent clinical trials, sildenafil, and tadalafil treatment had
contradictory effects in adult BMD patients; the obtained
results probably are due to the different protocols used (Martin
et al., 2012;Witting et al., 2014). Our results reveal for the first
time the critical pathways implicated in tadalafil-based therapy
in muscular dystrophy. Tadalafil can compensate the loss of
functional dystrophin in muscle cells by metabolic
reprogramming of myofibers towards a profile more resistant
to contraction-induced damage. In addition, the beneficial
effect of tadalafil correlates with a better actin filament
organization at the Z-disc. This latter finding suggests that
tadalalafil could provide positive effects also in other
pathologies, such as Spinal muscular atrophy (SMA), where a
perturbation of the actin network occurs during disease
pathogenesis (Coque et al., 2014).

Acknowledgments

We thank Dr. Maurizia Caruso for helpful discussion and
critical reading of the manuscript. F. Gabanella was supported
by FARMM Onlus.

Literature Cited

Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, Evans RM. 2013. PPARg
signaling and metabolism: The good, the bad and the future. Nat Medicine 19:557–566.

Asai A, Sahani N, Kaneki M, Ouchi Y, Martyn JAJ, Yasuhara SE. 2007. Primary Role of
Functional Ischemia, Quantitative Evidence for the Two-Hit Mechanism, and
Phosphodiesterase-5 Inhibitor Therapy inMouseMuscular Dystrophy. PLoSONE 2:e806.

Balasubramanian S, Mani SK, Kasiganesan H, Baicu CC, Kuppuswamy D. 2010. Hypertrophic
stimulation increases b-actin dynamics in adult feline cardiomyocytes. PLoS ONE 5:
e11470.

Baltgalvis KA, Call JA, Nikas JB, Lowe DA. 2009. Effects of prednisolone on skeletal muscle
contractility in mdx mice. Muscle Nerve 40:443–454.

Berardi E, Annibali D, Cassano M, Crippa S, Sampaolesi M. 2014. Molecular and cell-based
therapies for muscle degenerations: A road under construction. Front Physiol 5:119.

Bishu K, Hamdani N, Mohammed SF, KrugerM,Ohtani T, OgutO, Brozovich FV, Burnett JC,
Jr., Linke WA, Redfield MM. 2011. Sildenafil and B-type natriuretic peptide acutely
phosphorylate titin and improve diastolic distensibility in vivo. Circulation 124:
2882–2891.

Boppart MD, De Lisio M, Zou K, Huntsman HD. 2013. Defining a role for non-satellite stem
cells in the regulation of muscle repair following exercise. Front Physiol 4:310.

Bunnell TM, Burbach BJ, Shimizu Y, Ervasti JM. 2011. Actin specifically controls cell growth,
migration, and the G-actin pool. Mol Biol Cell 22:4047–4058.

Colussi C, Mozzetta C, Gurtner A, Illi B, Rosati J, Straino S, Ragone G, Pescatori M,
Zaccagnini G, Antonini A, Minetti G, Martelli F, Piaggio G, Gallinari P, Steinkuhler C,
Clementi E, Dell’Aversana C, Altucci L, Mai A, Capogrossi MC, Puri PL, Gaetano C. 2008.
HDAC2 blockade by nitric oxide and histone deacetylase inhibitors reveals a common
target in Duchenne muscular dystrophy treatment. Proc Natl Acad Sci USA 105:
19183–19187.

Conti M, Beavo J. 2007. Biochemistry and physiology of cyclic nucleotide
phosphodiesterases: Essential components in cyclic nucleotide signaling. Ann Rev
Biochem 76:481–511.

Coque E, Raoul C, Bowerman M. 2014. ROCK inhibition as a therapy for spinal muscular
atrophy: Understanding the repercussions on multiple cellular targets. Front Neurosci
8:271.

Crescioli C, Sturli N, Sottili M, Bonini P, Lenzi A, Di Luigi L. 2013. Insulin-like effect of the
phosphodiesterase type 5 inhibitor tadalafil onto male human skeletal muscle cells.
J Endocrinol Invest 36:1020–1026.

D’Arcy CE, Feeney SJ, McLean CA, Gehrig SM, Lynch GS, Smith JE, Cowling BS, Mitchell CA,
McGrath MJ. 2014. Identification of FHL1 as a therapeutic target for Duchenne muscular
dystrophy. Hum Mol Genet 23:618–636.

D’Angelo MG, Gandossini S, Martinelli Boneschi F, Sciorati C, Bonato S, Brighina E, Comi
GP, Turconi AC, Magri F, Stefanoni G, Brunelli S, Bresolin N, Cattaneo D, Clementi E.
2012. Nitric oxide donor and non steroidal anti inflammatory drugs as a therapy for
muscular dystrophies: Evidence from a safety study with pilot efficacy measures in adult
dystrophic patients. Pharmacol Res 65:472–479.

Di Certo MG, Corbi N, Strimpakos G, Onori A, Luvisetto S, Severini C, Guglielmotti A,
Batassa EM, Pisani C, Floridi A, Benassi B, Fanciulli M, Magrelli A, Mattei E, Passananti C.
2010. The artificial gene Jazz, a transcriptional regulator of utrophin, corrects the
dystrophic pathology in mdx mice. Hum Mol Genet 19:752–760.

Fairclough RJ, Wood MJ, Davies KE. 2013. Therapy for Duchenne muscular dystrophy:
Renewed optimism from genetic approaches. Nat Rev Genet 14:373–378.

Forst J, Forst R, Leithe, Maurin N. 1998. Platelet function deficiency in Duchenne muscular
dystrophy. Neuromuscular Disorders 8:46–49.

FriedrichO, BothM,WeberC, Sch€urmann S, TeichmannMD, vonWegner F, Fink RH, Vogel
M, Chamberlain JS, Garbe C. 2010. Microarchitecture is severely compromised butmotor
protein function is preserved in dystrophic mdx skeletal muscle. Biophys J 98:606–616.

Gordon BS, Delgado D�ıaz DC, Kostek MC. 2013. Resveratrol decreases inflammation and
increases utrophin gene expression in the mdx mouse model of Duchenne muscular
dystrophy. Clin Nutr 32:104–111.

Grange RW 2013. Use of treadmill and wheel exercise to assess dystrophic state.
Experimental Protocols for DMD Animal Models, chapter 9 (http://www.treat-nmd.eu/
research/preclinical/dmd-sops/).

Handschin C, Kobayashi YM, Chin S, Seale P, Campbell KP, Spiegelman BM. 2007. PGC-1a
regulates the neuromuscular junction program and ameliorates Duchenne muscular
dystrophy. Genes Dev 21:770–783.

Hollinger K, Gardan-Salmon D, Santana C, Rice D, Snella E, Selsby JT. 2013. Rescue of
dystrophic skeletal muscle by PGC-1a involves restored expression of dystrophin-
associated protein complex components and satellite cell signaling. Am J Physiol Regul
Integr Comp Physiol 305:R13–R23.

Huang DW, Sherman BT, Lempicki RA. 2009. Systematic and integrative analysis of large
gene lists using DAVID Bioinformatics Resources. Nat Protocol 4:44–57.

Huang DW, Sherman BT, Lempicki RA. 2009a. Bioinformatics enrichment tools: Paths
toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res 37:
1–13.

Jarmin S, Kymalainen H, Popplewell L, Dickson G. 2014. New developments in the use of
gene therapy to treat Duchenne muscular dystrophy. Expert Opin Biol Ther 14:209–230.

Kawahara G, Gasperini MJ, Myers JA,Widrick JJ, Eran A, Serafini PR, Alexander MS, Pletcher
MT, Morris CA, Kunkel LM. 2014. Dystrophic muscle improvement in zebrafish via
increased heme oxygenase signaling. Hum Mol Genet 23:1869–1878.

Kobaiashi YM, Rader EP, Crawford RW, Iyengar NK, Thedens DR, Faulkner JA, Parikh SV,
Weiss RM, Chamberlain JS, Moore SA, Campbell KP. 2008. Sarcolemma-localized nNOS
is required to maintain activity after mild exercise. Nature 456:511–515.

Konieczny P, Swiderski K, Chamberlain JS. 2013. Gene and cell-mediated therapies for
muscular dystrophy. Muscle Nerve 47:649–663.

Kornegay JN, Spurney CF, Nghiem PP, Brinkmeyer-Langford CL, Hoffman EP, Nagaraju K.
2014. Pharmacologic management of duchenne muscular dystrophy: Target identification
and preclinical trials. ILAR J 55:119–149.

Ljubicic V, Khogali S, Renaud JM, Jasmin BJ. 2012. Chronic AMPK stimulation attenuates
adaptive signaling in dystrophic skeletal muscle. Am J Physiol Cell Physiol 302:C110–C121.

JOURNAL OF CELLULAR PHYSIOLOGY

8 A R C A N G E L I S E T A L .

http://clinicaltrials.gov/show/NCT01865084
http://clinicaltrials.gov/show/NCT01865084
http://www.treat-nmd.eu/research/preclinical/dmd-sops/
http://www.treat-nmd.eu/research/preclinical/dmd-sops/


U
N
C
O
R
R
E
C
T
E
D
 P

R
O
O
F
S

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

Ljubicic V, Burt M, Lunde JA, Jasmin BJ. 2014. Resveratrol induces expression of the slow,
oxidative phenotype in mdx mouse muscle together with enhanced activity of the SIRT1-
PGC-1a axis. Am J Physiol Cell Physiol 307:C66–C82.

Martin EA, Barresi R, Byrne BJ, Tsimerinov EI, Scott BL,Walker AE, Gurudevan SV, Anene F,
Elashoff RM, ThomasGD, Victor RG. 2012. Tadalafil AlleviatesMuscle Ischemia in Patients
with Becker Muscular Dystrophy. Sci Transl Med 4:162ra155.

McFarlan JT, Yoshida Y, Jain SS, Han XX, Snook LA, Lally J, Smith BK, Glatz JF, Luiken JJ, Sayer
RA, Tupling AR, Chabowski A, Holloway GP, Bonen A. 2012. In vivo, fatty acid translocase
(CD36) critically regulates skeletal muscle fuel selection, exercise performance, and
training-induced adaptation of fatty acid oxidation. J Biol Chem 287:23502–23513.

Mokni W, Keravis T, Etienne-Selloum N, Walter A, Kane MO, Schini-Kerth VB, Lugnier C.
2010. Concerted regulation of cCGMP and cCAMP phosphodiesterases in early cardiac
hypertrophy induced by angiotensin II. PLoS ONE 5:e14227.

Movsesian MA, Kukreja RC. 2011. Phosphodiesterase inhibition in heart failure. Handb Exp
Pharmacol 204:237–249.

Mozzetta C, Consalvi S, Saccone V, Tierney M, Diamantini A, Mitchell KJ, Marazzi G,
Borsellino G, Battistini L, Sassoon D, Sacco A, Puri PL. 2013. Fibroadipogenic progenitors
mediate the ability of HDAC inhibitors to promote regeneration in dystrophic muscles of
young, but not old Mdx mice. EMBO Mol Med 5:626–639.

Nagayama T, Zhang M, Hsu S, Takimoto E, Kass DA. 2008. Sustained Soluble Guanylate
Cyclase Stimulation Offsets Nitric-Oxide Synthase Inhibition to Restore Acute Cardiac
Modulation by Sildenafil. J Pharmachol Exp Ther 326:380–387.

Percival JM, AdamoCA, Beavo JA, Froehner SC. 2011. Evaluation of the therapeutic utility of
phosphodiesterase 5A inhibition in the mdx mouse model of duchenne muscular
dystrophy. Handb Exp Pharmacol 204:323–344.

Percival JM,Whitehead NP, Adams ME, Adamo CM, Beavo JA, Froehner SC. 2012. Sildenafil
reduces respiratory muscle weakness and fibrosis in the mdx mouse model of Duchenne
muscular dystrophy. J Pathol 228:77–87.

Rovere-Querini P, Clementi E, Brunelli S. 2014. Nitric oxide and muscle repair: Multiple
actions converging on therapeutic efficacy. Eur J Pharmacol 730:181–185.

Ruas JL, White JP, Rao RR, Kleiner S, Brannan KT, Harrison BC, Greene NP, Wu J, Estall JL,
Irving BA, Lanza IR, Rasbach KA,Okutsu M, Nair KS, Yan Z, Leinwand LA, Spiegelman BM.
2012. A PGC-1a isoform induced by resistance training regulates skeletal muscle
hypertrophy. Cell 151:1319–1331.

Selsby JT, Morine KJ, Pendrak K, Barton ER, Sweeney HL. 2012. Rescue of dystrophic
skeletal muscle by PGC-1a involves a fast to slow fiber type shift in the mdx mouse. PLoS
ONE 7:e30063.

Serra F, Quarta M, Canato M, Toniolo L, De Arcangelis V, Trotta A, Spath L, Monaco L,
Reggiani C, Naro F. 2012. Inflammation in muscular dystrophy and the beneficial effects of
non-steroidal anti-inflammatory drugs. Muscle Nerve 46:773–784.

Sheffield-Moore M, Wiktorowicz JE, Soman KV, Danesi CP, Kinsky MP, Dillon EL, Randolph
KM, Casperson SL, Gore DC, Horstman AM, Lynch JP, Doucet BM, Mettler JA, Ryder JW,
Ploutz-Snyder LL, Hsu JW, Jahoor F, Jennings K,White GR, McCammon SD, DurhamWJ.
2013. Sildenafil increases muscle protein synthesis and reduces muscle fatigue. Clin Transl
Sci 6:463–468.

Stamatikos AD, Paton CM. 2013. Role of stearoyl-CoA desaturase-1 in skeletal muscle
function and metabolism. Am J Physiol Endocrinol Metab 305:E767–E775.

Stamler JS, Meissner G. 2001. Physiology of nitric oxide in skeletal muscle. Physiol Rev
81:209–237.

Strimpakos G, Corbi N, Pisani C, Di Certo MG, Onori A, Luvisetto S, Severini C, Gabanella
F, Monaco L, Mattei E, Passananti C. 2014. Novel adeno-associated viral vector delivering
the utrophin gene regulator jazz counteracts dystrophic pathology in mdx mice. J Cell
Physiol 229:1283–1291.

Takano K, Watanabe-Takano H, Suetsugu S, Kurita S, Tsujita K, Kimura S, Karatsu T,
Takenawa T, Endo T. 2010. Nebulin and N-WASP cooperate to cause IGF-1-induced
sarcomeric actin filament formation. Science 330:1536–1540.

Tedesco FS, Cossu G. 2012. Stem cell therapies for muscle disorders. Curr Opin Neurol
25:597–603.

Witting N, Kruuse C, Nyhuus B, PrahmKP, Citirak G, Lundgaard SJ, von Huth S, VejlstrupN,
Lindberg U, Krag TO, Vissing J. 2014. Effect of Sildenafil on Skeletal and Cardiac muscle in
becker muscular dystrophy. Ann Neurol 76:550–557.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.

JOURNAL OF CELLULAR PHYSIOLOGY

P D E 5 I N H I B I T I O N I N M d x M I C E 9



U
N
C
O
R
R
E
C
T
E
D
 P

R
O
O
F
S

AUTHOR QUERY FORM

JOURNAL: JOURNAL OF CELLULAR PHYSIOLOGY

Article: jcp25075

Dear Author,

During the copyediting of your paper, the following queries arose. Please respond to these by annotating your
proofs with the necessary changes/additions using the E-annotation guidelines attached after the last page of this
article.

We recommend that you provide additional clarification of answers to queries by entering your answers on the
query sheet, in addition to the text mark-up.

Query No. Query Remark

Q1 Please confirm that given names (red) and surnames/family names (green)

have been identified correctly.

Q2 Please provide publisher name and location.

Q3 Please provide publisher name and location.


