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Duchenne muscular dystrophy (DMD) is the most common hereditary muscular dystrophy
caused by mutation in dystrophin, and there is no curative therapy. Dystrophin is a protein
which forms the dystrophin-associated glycoprotein complex (DGC) at the sarcolemma
linking the muscle cytoskeleton to the extracellular matrix. When dystrophin is absent,
muscle fibers become vulnerable to mechanical stretch. In addition to this, accumulating
evidence indicates DMD muscle having vascular abnormalities and that the muscles
are under an ischemic condition. More recent studies demonstrate decreased vascular
densities and impaired angiogenesis in the muscles of murine model of DMD. Therefore,
generation of new vasculature can be considered a potentially effective strategy for DMD
therapy. The pro-angiogenic approaches also seem to be pro-myogenic and could induce
muscle regeneration capacity through expansion of the satellite cell juxtavascular niche
in the mouse model. Here, we will focus on angiogenesis, reviewing the background,
vascular endothelial growth factor (VEGF)/VEGF receptor-pathway, effect, and concerns of
this strategy in DMD.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is the most common
hereditary muscular dystrophy affecting approximately 1 in 5000
live male births (Mendell et al., 2012). It is caused by mutations
in dystrophin gene located on Xp21 (Monaco et al., 1986), leading
to progressive muscle weakness in which respiratory and cardiac
failures are the main reasons of their early mortalities. Dystrophin
is a protein which forms the dystrophin-associated glycoprotein
complex (DGC) at the sarcolemma which links the muscle sar-
comeric structure to the extracellular matrix (Davies and Nowak,
2006). When dystrophin is absent due to the gene mutation, mus-
cle fibers become vulnerable to mechanical stretching (Pasternak
et al., 1995). Currently there is no curative therapy for this disease
and glucocorticoid is the only medication available that slows the
decline in muscle strength and function in DMD (Bushby et al.,
2010).

Since the identification of dystrophin in the mid 1980’s
(Monaco et al., 1986), several therapeutic approaches have been
investigated. Gene replacement with virus vector, induction of
protein expression by exon skipping or read through, compen-
sation with dystrophin surrogates, and delivery of muscle stem
cells or pluripotent stem cells have been investigated so far (Leung
and Wagner, 2013; Rodino-Klapac et al., 2013). Recently, it was
announced that phase 3 clinical trial for Drisapersen, an antisense
oligonucleotide for exon skipping, could not meet the endpoint
of statistically significant improvement (http://www.gsk.com/
media.html). Although exon skipping could still be considered as

one of the most promising therapeutic approaches available, there
is a necessity for developing further therapeutic strategies. We
have recently reviewed vasculature-related strategies for DMD,
with a major focus on therapeutic methods to increase blood
flow in existing blood vessels (Ennen et al., 2013). In the cur-
rent review, we examine the evidence for reduced formation of
blood vessels in DMD muscle and the therapeutic approach to
augment angiogenesis by using vascular endothelial growth factor
(VEGF)-based strategies. We provide an update of current evi-
dence for changes in vasculature in DMD, approaches available to
increase vasculature, and further discuss the pros and cons of the
underlying rationale.

EVIDENCE FOR VASCULATURE CHANGES IN DMD
The necrotic fibers in DMD are often seen in groups, a simultane-
ous necrosis of contiguous muscle fibers, and it had been thought
that this phenomenon was due to local reduction of blood supply
by common capillaries in that group of necrotic fibers (Rando,
2001). The dystrophin deficiency in vascular smooth muscle
(Miyatake et al., 1989) and absence of nitric oxide synthase (NOS)
from the sarcolemma have indicated that DMD muscle is sub-
jected to impaired blood flow (Brenman et al., 1995; Rando, 2001;
Ennen et al., 2013).

More recent studies demonstrate that mdx mice muscle has
decreased vascular density. Immunostaining of arterioles has
revealed decreased vascular density in heart and gracilis mus-
cles of mdx mice (Loufrani et al., 2004). Matsakas et al., have
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visually shown that vasculature of the tibialis anterior (TA) in
mdx mice is reduced compared to wild type by microfil-perfused
whole mount imaging (Matsakas et al., 2013).

Another report shows that angiogenesis is impaired in mdx
mice, not only in muscle, but systemically, which was proven by
laser Doppler perfusion imaging in the hind limb ischemic model,
VEGF induced neovascularization quantification in the corneal
model, Matrigel subcutaneous angiogenic assay, and quantifica-
tion of tumor growth and vascularization in the tumor implant
model (Palladino et al., 2013).

Rhoads et al., have indicated satellite cells isolated from
aging and mdx mice exhibit decreased expression of hypoxia-
inducible factor 1α (HIF-1α) and VEGF and reduced capacity
to promote angiogenesis in vitro, using a co-culture model of
conditioned media from mdx mice or wild type satellite cells co-
cultured with microvascular fragments (MVFs) (Rhoads et al.,
2009, 2013). They also demonstrated that VEGF mRNA expres-
sion was decreased in proliferating satellite cells in dystrophic
muscle. Furthermore, hypoxic conditions increase VEGF mRNA
expression in satellite cells (Flann et al., 2013).

Taken together, there is a rationale to believe that DMD has
significant defect in vasculature in terms of its quality, quantity,
and angiogenesis, and that the muscles are under an ischemic
condition.

It should be critically discussed whether the vascular change
seen in DMD is a primary effect of the disease or not. Studies
of blood perfusion in mdx mice indicate age or disease progres-
sion may have a major effect in vascular changes. A study with
2-month-old mdx mice showed increased blood flow compared
to the wild type control in the hindlimb ischemia model, whereas
older mice of 6 months showed decreased blood flow (Straino
et al., 2004; Palladino et al., 2013). In wild type mice, it has been
indicated that aged mice have a reduced response to angiogenesis
after ischemia (Palladino et al., 2011, 2012). These data imply that
the vascular changes seen in mdx mice could be the physiological
response to aging and disease progression, rather than being the
primary disease effect.

In one study of gene expression profiling of DMD patients’
muscles, VEGF appears to be lower in DMD than the controls
(Bakay et al., 2002), whereas in another study, a significant dif-
ference was not shown (Haslett et al., 2002). This inconsistency
may be due to the data analysis and differences in experimental
design (Haslett et al., 2002). It also has been reported that blood
VEGF levels are significantly lower in DMD with mean age of
8.1 ± 1.9 years (Abdel-Salam et al., 2009). Others reported that
VEGF levels in serum samples from DMD patients with mean age
of 14.6 ± 0.8 years was elevated (Saito et al., 2009). Although the
latter study was not compared to age-matched controls, these data
imply that VEGF secretion fluctuates according to age or disease
progression.

Further studies are required to elucidate the mechanism of vas-
cular change in DMD, however, the studies designed to improve
vasorelaxation capacity (Ennen et al., 2013) or to increase vas-
culature in order to improve tissue perfusion in DMD animal
models have demonstrated the amelioration of dystrophic pheno-
types (Asai et al., 2007; Verma et al., 2010; Kawahara et al., 2011).
As far as we are aware, the approaches to increase vascular density

have not been applied to humans yet, with animal model studies
showing promising results for DMD therapy (Table 1).

DIFFERENT APPROACHES TO INCREASE VASCULAR
DENSITY IN DMD
VEGF OVEREXPRESSION
VEGF-A (also known as VEGF) is crucial for blood vessel for-
mation during early embryogenesis (Shibuya, 2013). It binds to
VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1) which are the membrane-
spanning tyrosine kinase receptors and both have pro-angiogenic
effects. The major pro-angiogenic effect is generated through Flk-
1, on the other hand, Flt-1 can act negatively in angiogenesis.
Although there is higher affinity to VEGF in Flt-1 compared to
Flk-1 (Sawano et al., 1996), its kinase activity is lower than Flk-1.
Besides full length Flt-1, there is a truncated soluble type (Kendall
and Thomas, 1993) which lacks transmembrane and tyrosine
kinase domains, and is considered to act as decoy receptor of
VEGF.

Overexpression of VEGF via AAV gene transfer in muscles
of mdx mice showed an increased number of capillaries/fibers
(Messina et al., 2007). The treated mdx mice had increased
forelimb strength, reduced necrotic fiber areas, and increased
regenerative fiber areas. Increased capillary density was only seen
in regenerating areas. Although this study also highlights the
role of direct pro-regenerative effect of VEGF to skeletal mus-
cle, they discuss the possible beneficial effects of VEGF-induced
muscle neovascularization on dystrophic muscle as (1) promot-
ing macrophage recruitment and removal of cellular debris; (2)
increasing release and circulation of factors secreted by mononu-
clear cells and activating myogenic cells, and (3) increasing the
recruitment of bone marrow derived mononuclear cells, which in
turn release factors that activate the myogenic process.

VEGF RECEPTOR MODULATION
We recently reported that mdx mice crossed with heterozygous
Flt-1 gene knockout mice (Flt-1+/−) showed increased vascular
density and ameliorated phenotype compared to control mdx:Flt-
1+/+ mice (Verma et al., 2010; Ennen et al., 2013). Our data
showed that when Flt-1+/− mice were compared with their wild-
type (Flt-1+/+) littermates, Flt-1+/− mice had a significantly
increased number of endothelial cells (ECs) and increased tis-
sue perfusion in TA muscle. When Flt-1+/− mice were crossed
with mdx mice to create double mutant mdx mice with the het-
erozygous allele for Flt-1+/− (mdx:Flt-1+/−) and compared with
their littermates mdx mice with control Flt-1 (mdx:Flt-1+/+)
mice, mdx:Flt-1+/− mice exhibited a higher number of ECs,
increased blood flow and improved muscle function. In these
double mutant mice (mdx:Flt-1+/−), muscle histology suggested
decreased fiber turnover and increased fiber stability. Importantly,
mdx:Flt-1+/− mice display increased number of satellite cells in
the muscle compared to mdx:Flt-1+/+ mice. Satellite cells are
a muscle stem cell population in adult skeletal muscle and are
essential for postnatal muscle growth and regeneration. As muscle
ages or is afflicted by disease, muscle regeneration is impaired due
to the decreased number and decreased differentiation capacity
of satellite cells (Mounier et al., 2011). Therefore, it is possi-
ble that an increase in the vascular niche might promote muscle
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Table 1 | Different approaches that could increase vascular density in DMD model animals.

Approach Age of mice at

treatment onset

Outcome References

VEGF overexpression via AAV
gene transfer in mdx mice

4 weeks Increased capillary density in regenerating areas
Reduced necrotic fiber areas
Increased regenerative fiber areas
Increased forelimb strength

Messina et al., 2007

VEGF overexpression via
muscle-derived stem cell
(MDSC) transplantation into
mdx/scid mice

8–10 weeks Increase in angiogenesis
Increase in muscle regeneration
Reduction in fibrosis

Deasy et al., 2009

Genetic modulation of VEGF
receptor (Flt-1) level in mdx
and mdx/utrn−/− mice

2–3 months Increased vascular density
Decreased muscle membrane permeability
Less area of fibrosis and calcification
Decreased centrally located nuclei
Increased tissue perfusion
Improved maximum isometric force and whole-body
tension analysis

Verma et al., 2010

Overexpression of
estrogen-related receptor-γ
(ERRγ)

6–8 weeks Enhanced vasculature and blood flow
Increased number of oxidative myofibers
Improved exercise tolerance

Matsakas et al., 2013

Mesoangioblast
transplantation into the heart
of mdx/utrn−/− mice

4–6 weeks Prevented onset of cardiomyopathy
Increased capillary in the heart

Chun et al., 2013

Treatment with aspirin 4 weeks
(treatment
continued for 7
months)

Increased vascular density
Decreased muscle membrane permeability
Less area of fibrosis
Increased numbers of regenerating fibers
Increased tissue perfusion
Improved resistance to physical exercise

Palladino et al., 2013

regeneration via stimulation of satellite cell proliferation or sur-
vival. These data strongly suggest that Flt-1 haploinsufficiency
ameliorates muscular dystrophy phenotype by developmentally
increased vasculature in mdx mice, further implying the pos-
sibility of VEGF receptor modulation as a therapeutic strategy
(Figure 1).

OTHER APPROACHES THAT CAN INCREASE VASCULAR DENSITY IN
MUSCLE
Estrogen-related receptor-γ (ERRγ) is known to be highly
expressed in skeletal muscles, and it has been demonstrated that
ERRγ can induce angiogenic factors including VEGF to increase
angiogenesis in muscle (Narkar et al., 2011). Matsakas et al.,
reported that ERRγ expression and downstream metabolic and
angiogenic target genes are down-regulated in the skeletal muscles
of mdx mice (Matsakas et al., 2013). In this study, overexpression
of ERRγ selectively in the mdx mice skeletal muscle could enhance
vasculature, blood flow, and oxidative myofibers, and improve
exercise tolerance.

Palladino et al., hypothesized that aspirin has beneficial effects
on the angiogenic properties of ECs in dystrophic mice, due to its

ability to enhance NO release from vascular ECs and protective
effect on ECs via the NO cGMP pathway (Palladino et al., 2013).
Treatment with aspirin could enhance production of NO and
cGMP, and long-term low dose aspirin could increase capillary
density, improve resistance to physical exercise, and muscle fiber
permeability.

It is known that exercise training promotes many adaptations
in skeletal muscle, including enhanced angiogenesis (Andersen
and Henriksson, 1977; Gavin et al., 2004). Although exces-
sive exercise may exacerbate the DMD phenotype, these studies
imply that an adequate amount of exercise may be beneficial
to DMD.

CONCERNS REGARDING VEGF ADMINISTRATION AND ITS RECEPTOR
MODULATION
Upon targeting the VEGF/VEGF receptor pathway for ther-
apy, the greatest concern would be whether the newly gener-
ated vasculature was morphologically and functionally sound
in vivo. Although VEGF is a well-known factor for angio-
genesis, it was first described as vascular permeability fac-
tor, and these vascular permeability-producing effects of VEGF
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FIGURE 1 | Schematic figure of relationship between muscle,

capillary, and physiological condition. In mdx mice, capillary density
is decreased, angiogenesis is impaired with decreased flow induced
dilation in arteries. When angiogenesis is enhanced in mdx mice,

increased capillary density and improved angiogenesis capacity leads to
decreased area of necrosis and fibrosis and increased regenerative
capacity in muscle accompanied with increased tissue perfusion and
improved muscle weakness.

may have profound negative consequences in ischemic dis-
ease by augmenting the level of infarcted tissue (Senger et al.,
1983; Weis and Cheresh, 2005). An in vivo imaging study per-
formed in rat skeletal muscle with prolonged expression of
VEGF via AAV vector revealed impaired perfusion of the tis-
sue (Zacchigna et al., 2007). Despite the histological evidence
of neoangiogenesis, resting muscle blood flow measured by
positron emission tomography did not improve, and more-
over, post-exercise muscle blood flow measurements showed
decreased perfusion. This phenomenon was explained by the
formation of leaky vascular lacunae which accounted for the
occurrence of arteriovenous shunts that excluded the downstream
microcirculation.

Although the precise role of Flt-1 in postnatal and adult
tissue angiogenesis still remains ambiguous, a recent study
demonstrated Cre-loxP-mediated conditional knockout mice
with ablated Flt-1 expression in neonatal and adult periods
displaying increased angiogenesis in various tissues including
cornea, lung, heart, brain, kidney, and liver (Ho et al., 2012).
Moreover, the vasculature seen in the conditional Flt-1 knockout
mice matured and perfused properly. These findings are espe-
cially encouraging for developing therapeutic strategies targeting
VEGF/Flt-1 interaction.

COMBINATION THERAPY OF DELIVERING AN ANGIOGENESIS AND
MYOGENESIS FACTOR
Borselli et al. reported that a combination of VEGF to promote
angiogenesis and insulin-like growth factor-1 to directly pro-
mote muscle regeneration could induce functional recovery in
an ischemic injured skeletal muscle in a more prominent manner
than VEGF alone (Borselli et al., 2010). It is also noteworthy that
in their study, sustained delivery of the factors via injectable gel
was effective, whereas bolus delivery did not show any benefit in

terms of angiogenesis, regeneration, and muscle perfusion. These
data imply alternative strategies may be used to obtain more
benefits of angiogenesis therapy in DMD.

THE SIGNIFICANCE OF VEGF/VEGFR PATHWAY IN DMD
DIRECT EFFECT OF VEGF ON SKELETAL MUSCLE
Other than the pro-angiogenic effect, a pro-myogenic effect of
VEGF has been reported in skeletal muscle; however, the effect
of VEGF on muscle cell function is still unclear. The pres-
ence of VEGF receptors has been investigated by several groups.
In vitro experiments using C2C12 cells and primary mouse
myoblasts showed that both Flt-1 and Flk-1 were detected in
western blotting analysis and RT-PCR (Germani et al., 2003;
Arsic et al., 2004), and their expression levels were modu-
lated during the course of differentiation. With normal muscle
tissue, immunohistochemistry data indicated Flt-1 and Flk-1
expression levels in muscle fibers are either very low or null
(Arsic et al., 2004; Wagatsuma et al., 2006; Messina et al.,
2007), but once the muscle was subjected to experimental injury,
both receptors became detectable in satellite cells and regen-
erating muscle fibers (Arsic et al., 2004; Wagatsuma et al.,
2006).

When VEGF was administered to C2C12 cells, cell migra-
tion and survival were enhanced (Germani et al., 2003). Others
have shown an increased number of myotubes expressing myosin
heavy chain (MHC), a myogenic differentiation marker, in
differentiated C2C12 cell cultures supplemented with VEGF
(Arsic et al., 2004). These MHC-positive fibers contained more
multinucleated myofibers while non-VEGF-treated cells con-
sisted mainly of mononuclear myocytes. In addition to these
findings, VEGF-treated cells had significantly longer mono- or
multinucleated MHC-positive cells. Also, when C2C12 cells were
treated with an apoptosis-triggering agent, VEGF could decrease
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the fraction of cells expressing markers of necrosis. It also has
been reported that when human myogenic precursor cells were
incubated with VEGF, there was an increase in cell density
(Christov et al., 2007).

Taken together, it is indicated that VEGF may have a direct pro-
liferative effect on muscle in addition to promotion of myogenic
fiber growth and an anti-apoptotic effect.

THE PRO-ANGIOGENIC AND PRO-MYOGENIC EFFECTS OF THE
VEGF/VEGFR PATHWAY PLAY AN IMPORTANT ROLE IN THE
REGENERATIVE PROCESS IN MUSCLE
Recent studies highlight the importance of angiogenic and regen-
erative effects of VEGF in muscle regeneration (Beckman et al.,
2013; Bobadilla et al., 2013). Mechanical stimulation (MS) can
increase VEGF secretion (Payne et al., 2007; Cassino et al.,
2012), and MS increases the effectiveness of tissue repair in
muscle-derived stem cell (MDSC) transplantation experiments
in mdx/scid mice (Beckman et al., 2013). Inhibition of VEGF
with soluble Flt-1 (sFlt-1) or short hairpin RNA (shRNA) in
mechanically stimulated MDSCs (MS-MDSCs) resulted in reduc-
tion of cells’ differentiation and angiogenic capacity within the
transplantation area, both of which are increased in MS-MDSC
transplantation cases (Beckman et al., 2013).

Bobadilla et al., indicated metalloproteinase-10 (MMP-10) has
a role in muscle regeneration in injured or dystrophic muscle
through VEGF/Akt signaling (Bobadilla et al., 2013). MMP-10
protein levels were upregulated in mdx mice, and ablation of
MMP-10 in mdx mice deteriorated the dystrophic phenotype.
Although it was not significant, MMP-10 knockout mice (MMP-
10 KO) crossed with mdx mice had fewer arterioles in the muscle,
and MMP-10 KO had significantly lower number of arterioles
than the wild type control. Various MMPs induce VEGF secre-
tion, and in their study, MMP-10 mRNA silencing in injured wild
type muscle, a decrease in VEGF protein level was observed, while
treatment with recombinant human MMP-10 showed elevated
VEGF (Mott and Werb, 2004; Bobadilla et al., 2013). Collectively,
these data suggest that pro-myogenic and pro-angiogenic effects
of VEGF/VEGFR play an important role in the muscle regenera-
tion process in DMD.

ENDOTHELIAL CELL AND SATELLITE CELL RELATIONSHIP
ECs and factors secreted by them are able to induce satellite
cell proliferation and survival. Christov et al., reported that in
adult normal muscle, satellite cells are located preferentially close
to capillaries, and reciprocally interact with ECs to support the
angio-myogenesis relationship (Christov et al., 2007). Their study
further indicated that there is a correlation between capillary and
satellite cell numbers. In muscle specimens from patients with
amyopathic dermatomyositis (aDM), an inflammatory disease,
capillary density in the muscle is decreased but is spared from
both myofiber damage and inflammation. Interestingly, a propor-
tionate decrease in the mean satellite cell number per myofiber
was also observed. Conversely, athletes’ muscles, which have
workload-induced increased capillary density, showed increased
numbers of both capillaries and satellite cells per myofiber.
Indirect coculture using chambers with human umbilical vascular
ECs (HUVECS) or human microvascular ECs (HMECS) cultured

in the upper chamber, and separated with porous filter, human
myogenic precursor cells cultured in the lower chamber, revealed
that an endothelial cell monolayer could increase myogenic cell
growth through soluble factors. EC derived IGF-1, HGF, bFGF,
PDGF-BB, and VEGF were indicated as effectors for myogenic cell
growth promotion. These data suggest that satellite cell and mus-
cle regeneration are under influence of vasculature and that they
receive supportive cues from ECs to expand and further commit
and differentiate (Mounier et al., 2011).

VASCULAR NETWORK IN DMD CARDIAC MUSCLE AND
POSSIBLE EFFECT OF ANGIOGENESIS
In mdx mice, it has been reported that there is reduced vasculature
in cardiac tissue compared to the wild-type (Loufrani et al., 2004).
A recent study of postnatal Flt-1 gene ablation, in combination
with left anterior descending artery ligation to create ischemic
cardiomyopathy, showed reduced infarction size and increased
capillary density after ligation (Ho et al., 2012). Chun et al., could
prevent the onset of cardiomyopathy by transplanting mesoan-
gioblast stem cells into the heart of mdx/utrn−/− mice. They
reported increased number of capillaries in the treated hearts,
indicating a possible positive effect on angiogenesis, a well-known
indirect effect of stem cell therapy (Chun et al., 2013). These
data imply that angiogenesis may be beneficial also for DMD
cardiomyopathy.

CONCLUSIONS
Mounting evidence for DMD vascular abnormality indicates
that vascular therapy is a logical approach. Currently, the most
frequently used method to increase vasculature is by modulat-
ing VEGF/VEGFR pathways. DMD muscle may benefit from
angiogenesis in multidimensional aspects. Increasing capillary
density simply resolves ischemia. Direct regenerative and anti-
apoptotic effects of VEGF can be expected. Increased vascular
niches that house satellite cells imply enhanced proliferation
of satellite cells under the influence of supportive cues from
vasculature.

The concern would be whether therapeutically generated vas-
culature is morphologically and functionally beneficial. Although
this issue must be investigated before treating human DMD,
increasing data currently provide strong support that angiogen-
esis is a promising therapeutic strategy for DMD.

ACKNOWLEDGMENTS
We thank Michael Baumrucker for critical reading of the
manuscript. This work was supported by grants from the
Muscular Dystrophy Association (MDA).

REFERENCES
Abdel-Salam, E., Abdel-Meguid, I., and Korraa, S. S. (2009). Markers of degen-

eration and regeneration in duchenne muscular dystrophy. Acta Myol. 28,
94–100.

Andersen, P., and Henriksson, J. (1977). Capillary supply of the quadriceps femoris
muscle of man: adaptive response to exercise. J. Physiol. 270, 677–690.

Arsic, N., Zacchigna, S., Zentilin, L., Ramirez-Correa, G., Pattarini, L., Salvi,
A., et al. (2004). Vascular endothelial growth factor stimulates skeletal mus-
cle regeneration in vivo. Mol. Ther. 10, 844–854. doi: 10.1016/j.ymthe.2004.
08.007

www.frontiersin.org February 2014 | Volume 5 | Article 50 | 5

http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive


Shimizu-Motohashi and Asakura Angiogenesis for muscular dystrophy therapy

Asai, A., Sahani, N., Kaneki, M., Ouchi, Y., Martyn, J. A., and Yasuhara, S. E.
(2007). Primary role of functional ischemia, quantitative evidence for the two-
hit mechanism, and phosphodiesterase-5 inhibitor therapy in mouse muscular
dystrophy. PLoS ONE 2:e806. doi: 10.1371/journal.pone.0000806

Bakay, M., Zhao, P., Chen, J., and Hoffman, E. P. (2002). A web-accessible com-
plete transcriptome of normal human and DMD muscle. Neuromuscul. Disord.
12(Suppl. 1), S125–S141. doi: 10.1016/S0960-8966(02)00093-7

Beckman, S. A., Chen, W. C., Tang, Y., Proto, J. D., Mlakar, L., Wang, B.,
et al. (2013). Beneficial effect of mechanical stimulation on the regener-
ative potential of muscle-derived stem cells is lost by inhibiting vascular
endothelial growth factor. Arterioscler. Thromb. Vasc. Biol. 33, 2004–2012. doi:
10.1161/ATVBAHA.112.301166

Bobadilla, M., Sainz, N., Rodriguez, J. A., Abizanda, G., Orbe, J., De Martino, A.,
et al. (2013). MMP-10 is required for efficient muscle regeneration in mouse
models of injury and muscular dystrophy. Stem Cells 32, 447–461. doi: 10.1002/
stem.1553

Borselli, C., Storrie, H., Benesch-Lee, F., Shvartsman, D., Cezar, C., Lichtman, J. W.,
et al. (2010). Functional muscle regeneration with combined delivery of angio-
genesis and myogenesis factors. Proc. Natl. Acad. Sci. U.S.A. 107, 3287–3292.
doi: 10.1073/pnas.0903875106

Brenman, J. E., Chao, D. S., Xia, H., Aldape, K., and Bredt, D. S. (1995).
Nitric oxide synthase complexed with dystrophin and absent from skeletal
muscle sarcolemma in duchenne muscular dystrophy. Cell 82, 743–752. doi:
10.1016/0092-8674(95)90471-9

Bushby, K., Finkel, R., Birnkrant, D. J., Case, L. E., Clemens, P. R., Cripe, L., et al.
(2010). Diagnosis and management of Duchenne muscular dystrophy, part 1:
diagnosis, and pharmacological and psychosocial management. Lancet Neurol.
9, 77–93. doi: 10.1016/s1474-4422(09)70271-6

Cassino, T. R., Drowley, L., Okada, M., Beckman, S. A., Keller, B., Tobita, K., et al.
(2012). Mechanical loading of stem cells for improvement of transplantation
outcome in a model of acute myocardial infarction: the role of loading history.
Tissue Eng. Part A 18, 1101–1108. doi: 10.1089/ten.tea.2011.0285

Christov, C., Chretien, F., Abou-Khalil, R., Bassez, G., Vallet, G., Authier, F. J., et al.
(2007). Muscle satellite cells and endothelial cells: close neighbors and privileged
partners. Mol. Biol. Cell 18, 1397–1409. doi: 10.1091/mbc.E06-08-0693

Chun, J. L., O’brien, R., Song, M. H., Wondrasch, B. F., and Berry, S. E.
(2013). Injection of vessel-derived stem cells prevents dilated cardiomyopa-
thy and promotes angiogenesis and endogenous cardiac stem cell proliferation
in mdx/utrn-/- but not aged mdx mouse models for duchenne muscular
dystrophy. Stem Cells Transl. Med. 2, 68–80. doi: 10.5966/sctm.2012-0107

Davies, K. E., and Nowak, K. J. (2006). Molecular mechanisms of muscular
dystrophies: old and new players. Nat. Rev. Mol. Cell Biol. 7, 762–773. doi:
10.1038/nrm2024

Deasy, B. M., Feduska, J. M., Payne, T. R., Li, Y., Ambrosio, F., and Huard, J. (2009).
Effect of VEGF on the regenerative capacity of muscle stem cells in dystrophic
skeletal muscle. Mol. Ther. 17, 1788–1798. doi: 10.1038/mt.2009.136

Ennen, J. P., Verma, M., and Asakura, A. (2013). Vascular-targeted therapies for
Duchenne muscular dystrophy. Skelet. Muscle 3, 9. doi: 10.1186/2044-5040-3-9

Flann, K., Rathbone, C., Cole, L., Liu, X., Allen, R., and Rhoads, R. (2013).
Hypoxia simultaneously alters satellite cell-mediated angiogenesis and hepato-
cyte growth factor expression. J. Cell. Physiol. 229, 572–579. doi: 10.1002/jcp.
24479

Gavin, T. P., Robinson, C. B., Yeager, R. C., England, J. A., Nifong, L. W., and
Hickner, R. C. (2004). Angiogenic growth factor response to acute systemic
exercise in human skeletal muscle. J. Appl. Physiol. (1985) 96, 19–24. doi:
10.1152/japplphysiol.00748.2003

Germani, A., Di Carlo, A., Mangoni, A., Straino, S., Giacinti, C., Turrini, P.,
et al. (2003). Vascular endothelial growth factor modulates skeletal myoblast
function. Am. J. Pathol. 163, 1417–1428. doi: 10.1016/s0002-9440(10)63499-2

Haslett, J. N., Sanoudou, D., Kho, A. T., Bennett, R. R., Greenberg, S. A., Kohane, I.
S., et al. (2002). Gene expression comparison of biopsies from Duchenne mus-
cular dystrophy (DMD) and normal skeletal muscle. Proc. Natl. Acad. Sci. U.S.A.
99, 15000–15005. doi: 10.1073/pnas.192571199

Ho, V. C., Duan, L. J., Cronin, C., Liang, B. T., and Fong, G. H. (2012). Elevated vas-
cular endothelial growth factor receptor-2 abundance contributes to increased
angiogenesis in vascular endothelial growth factor receptor-1-deficient mice.
Circulation 126, 741–752. doi: 10.1161/circulationaha.112.091603

Kawahara, G., Karpf, J. A., Myers, J. A., Alexander, M. S., Guyon, J. R., and
Kunkel, L. M. (2011). Drug screening in a zebrafish model of Duchenne

muscular dystrophy. Proc. Natl. Acad. Sci. U.S.A. 108, 5331–5336. doi:
10.1073/pnas.1102116108

Kendall, R. L., and Thomas, K. A. (1993). Inhibition of vascular endothelial cell
growth factor activity by an endogenously encoded soluble receptor. Proc. Natl.
Acad. Sci. U.S.A. 90, 10705–10709. doi: 10.1073/pnas.90.22.10705

Leung, D. G., and Wagner, K. R. (2013). Therapeutic advances in muscular
dystrophy. Ann. Neurol. 74, 404–411. doi: 10.1002/ana.23989

Loufrani, L., Dubroca, C., You, D., Li, Z., Levy, B., Paulin, D., et al. (2004).
Absence of dystrophin in mice reduces NO-dependent vascular function
and vascular density: total recovery after a treatment with the amino-
glycoside gentamicin. Arterioscler. Thromb. Vasc. Biol. 24, 671–676. doi:
10.1161/01.atv.0000118683.99628.42

Matsakas, A., Yadav, V., Lorca, S., and Narkar, V. (2013). Muscle ERRgamma
mitigates Duchenne muscular dystrophy via metabolic and angiogenic repro-
gramming. FASEB J. 27, 4004–4016. doi: 10.1096/fj.13-228296

Mendell, J. R., Shilling, C., Leslie, N. D., Flanigan, K. M., Al-Dahhak, R.,
Gastier-Foster, J., et al. (2012). Evidence-based path to newborn screening
for Duchenne muscular dystrophy. Ann. Neurol. 71, 304–313. doi: 10.1002/
ana.23528

Messina, S., Mazzeo, A., Bitto, A., Aguennouz, M., Migliorato, A., De Pasquale, M.
G., et al. (2007). VEGF overexpression via adeno-associated virus gene transfer
promotes skeletal muscle regeneration and enhances muscle function in mdx
mice. FASEB J. 21, 3737–3746. doi: 10.1096/fj.07-8459com

Miyatake, M., Miike, T., Zhao, J., Yoshioka, K., Uchino, M., and Usuku, G. (1989).
Possible systemic smooth muscle layer dysfunction due to a deficiency of
dystrophin in Duchenne muscular dystrophy. J. Neurol. Sci. 93, 11–17. doi:
10.1016/0022-510X(89)90157-3

Monaco, A. P., Neve, R. L., Colletti-Feener, C., Bertelson, C. J., Kurnit, D.
M., and Kunkel, L. M. (1986). Isolation of candidate cDNAs for por-
tions of the Duchenne muscular dystrophy gene. Nature 323, 646–650. doi:
10.1038/323646a0

Mott, J. D., and Werb, Z. (2004). Regulation of matrix biology by matrix metallo-
proteinases. Curr. Opin. Cell Biol. 16, 558–564. doi: 10.1016/j.ceb.2004.07.010

Mounier, R., Chretien, F., and Chazaud, B. (2011). Blood vessels and the satellite
cell niche. Curr. Top. Dev. Biol. 96, 121–138. doi: 10.1016/b978-0-12-385940-
2.00005-x

Narkar, V. A., Fan, W., Downes, M., Yu, R. T., Jonker, J. W., Alaynick, W. A., et al.
(2011). Exercise and PGC-1alpha-independent synchronization of type I mus-
cle metabolism and vasculature by ERRgamma. Cell Metab. 13, 283–293. doi:
10.1016/j.cmet.2011.01.019

Palladino, M., Gatto, I., Neri, V., Stigliano, E., Smith, R. C., Pola, E., et al. (2012).
Combined therapy with sonic hedgehog gene transfer and bone marrow-
derived endothelial progenitor cells enhances angiogenesis and myogenesis
in the ischemic skeletal muscle. J. Vasc. Res. 49, 425–431. doi: 10.1159/
000337921

Palladino, M., Gatto, I., Neri, V., Straino, S., Silver, M., Tritarelli, A., et al.
(2011). Pleiotropic beneficial effects of sonic hedgehog gene therapy in an
experimental model of peripheral limb ischemia. Mol. Ther. 19, 658–666. doi:
10.1038/mt.2010.292

Palladino, M., Gatto, I., Neri, V., Straino, S., Smith, R. C., Silver, M., et al. (2013).
Angiogenic impairment of the vascular endothelium: a novel mechanism and
potential therapeutic target in muscular dystrophy. Arterioscler. Thromb. Vasc.
Biol. 33, 2867–2876. doi: 10.1161/atvbaha.112.301172

Pasternak, C., Wong, S., and Elson, E. L. (1995). Mechanical function of dystrophin
in muscle cells. J. Cell Biol. 128, 355–361.

Payne, T. R., Oshima, H., Okada, M., Momoi, N., Tobita, K., Keller, B. B.,
et al. (2007). A relationship between vascular endothelial growth factor,
angiogenesis, and cardiac repair after muscle stem cell transplantation into
ischemic hearts. J. Am. Coll. Cardiol. 50, 1677–1684. doi: 10.1016/j.jacc.2007.
04.100

Rando, T. A. (2001). Role of nitric oxide in the pathogenesis of muscular dystro-
phies: a “two hit” hypothesis of the cause of muscle necrosis. Microsc. Res. Tech.
55, 223–235. doi: 10.1002/jemt.1172

Rhoads, R. P., Flann, K. L., Cardinal, T. R., Rathbone, C. R., Liu, X., and Allen, R. E.
(2013). Satellite cells isolated from aged or dystrophic muscle exhibit a reduced
capacity to promote angiogenesis in vitro. Biochem. Biophys. Res. Commun. 440,
399–404. doi: 10.1016/j.bbrc.2013.09.085

Rhoads, R. P., Johnson, R. M., Rathbone, C. R., Liu, X., Temm-Grove, C., Sheehan,
S. M., et al. (2009). Satellite cell-mediated angiogenesis in vitro coincides with

Frontiers in Physiology | Striated Muscle Physiology February 2014 | Volume 5 | Article 50 | 6

http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology
http://www.frontiersin.org/Striated_Muscle_Physiology/archive


Shimizu-Motohashi and Asakura Angiogenesis for muscular dystrophy therapy

a functional hypoxia-inducible factor pathway. Am. J. Physiol. Cell Physiol. 296,
C1321–C1328. doi: 10.1152/ajpcell.00391.2008

Rodino-Klapac, L. R., Mendell, J. R., and Sahenk, Z. (2013). Update on the treat-
ment of Duchenne muscular dystrophy. Curr. Neurol. Neurosci. Rep. 13, 332.
doi: 10.1007/s11910-012-0332-1

Saito, T., Yamamoto, Y., Matsumura, T., Fujimura, H., and Shinno, S. (2009). Serum
levels of vascular endothelial growth factor elevated in patients with muscular
dystrophy. Brain Dev. 31, 612–617. doi: 10.1016/j.braindev.2008.09.008

Sawano, A., Takahashi, T., Yamaguchi, S., Aonuma, M., and Shibuya, M. (1996).
Flt-1 but not KDR/Flk-1 tyrosine kinase is a receptor for placenta growth fac-
tor, which is related to vascular endothelial growth factor. Cell Growth Differ. 7,
213–221.

Senger, D. R., Galli, S. J., Dvorak, A. M., Perruzzi, C. A., Harvey, V. S., and
Dvorak, H. F. (1983). Tumor cells secrete a vascular permeability factor that
promotes accumulation of ascites fluid. Science 219, 983–985. doi: 10.1126/sci-
ence.6823562

Shibuya, M. (2013). Vascular endothelial growth factor and its recep-
tor system: physiological functions in angiogenesis and pathological
roles in various diseases. J. Biochem. 153, 13–19. doi: 10.1093/jb/
mvs136

Straino, S., Germani, A., Di Carlo, A., Porcelli, D., De Mori, R., Mangoni, A.,
et al. (2004). Enhanced arteriogenesis and wound repair in dystrophin-deficient
mdx mice. Circulation 110, 3341–3348. doi: 10.1161/01.cir.0000147776.
50787.74

Verma, M., Asakura, Y., Hirai, H., Watanabe, S., Tastad, C., Fong, G. H., et al.
(2010). Flt-1 haploinsufficiency ameliorates muscular dystrophy phenotype by
developmentally increased vasculature in mdx mice. Hum. Mol. Genet. 19,
4145–4159. doi: 10.1093/hmg/ddq334

Wagatsuma, A., Tamaki, H., and Ogita, F. (2006). Sequential expression of vascular
endothelial growth factor, Flt-1, and KDR/Flk-1 in regenerating mouse skeletal
muscle. Physiol. Res. 55, 633–640.

Weis, S. M., and Cheresh, D. A. (2005). Pathophysiological consequences of
VEGF-induced vascular permeability. Nature 437, 497–504. doi: 10.1038/nature
03987

Zacchigna, S., Tasciotti, E., Kusmic, C., Arsic, N., Sorace, O., Marini, C., et al.
(2007). In vivo imaging shows abnormal function of vascular endothelial
growth factor-induced vasculature. Hum. Gene Ther. 18, 515–524. doi:
10.1089/hum.2006.162

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 02 November 2013; accepted: 27 January 2014; published online: 18
February 2014.
Citation: Shimizu-Motohashi Y and Asakura A (2014) Angiogenesis as a novel ther-
apeutic strategy for Duchenne muscular dystrophy through decreased ischemia and
increased satellite cells. Front. Physiol. 5:50. doi: 10.3389/fphys.2014.00050
This article was submitted to Striated Muscle Physiology, a section of the journal
Frontiers in Physiology.
Copyright © 2014 Shimizu-Motohashi and Asakura. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org February 2014 | Volume 5 | Article 50 | 7

http://dx.doi.org/10.3389/fphys.2014.00050
http://dx.doi.org/10.3389/fphys.2014.00050
http://dx.doi.org/10.3389/fphys.2014.00050
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

	Angiogenesis as a novel therapeutic strategy for Duchenne muscular dystrophy through decreased ischemia and increased satellite cells
	Introduction
	Evidence for Vasculature Changes in DMD
	Different Approaches to Increase Vascular Density in DMD
	VEGF Overexpression
	VEGF Receptor Modulation
	Other Approaches that can Increase Vascular Density in Muscle
	Concerns Regarding VEGF Administration and its Receptor Modulation
	Combination Therapy of Delivering an Angiogenesis and Myogenesis Factor

	The Significance of VEGF/VEGFR Pathway in DMD
	Direct Effect of VEGF on Skeletal Muscle
	The Pro-Angiogenic and Pro-Myogenic Effects of the VEGF/VEGFR Pathway Play an Important Role in the Regenerative Process in Muscle

	Endothelial Cell and Satellite Cell Relationship
	Vascular Network in DMD Cardiac Muscle and Possible Effect of Angiogenesis
	Conclusions
	Acknowledgments
	References


