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The hedgehog (Hh) protein is involved in angiogenesis and cardiovascular development via activation of
the classical ligand-dependent signaling transduction. So its potential therapeutic meaning of Hh signaling
proteins to the ischemic heart diseases has been greatly explored. Recent studies show that up-regulated
expression of hypoxia-induced factor-1 (HIF-1) and inflamemation in ischemic tissues activate the Hh
signaling cascade in a GLI-dependent or independent way, resulting in elevated expression levels of pro-
angiogenic and agiogenic factors to facilitate angiogenesis. In addition, Hh signaling pathway activation
can promote residual myocardial progenitors, endogenous EPCs and MSCs differentiating into cardiomy-
ocytes, inhibit cardiomyocyte apoptosis; thirdly, high level of exogenous Hh signaling can reduce myocardial
ischemic/reperfusion injuries(l/R). In conclusion, three kinds of mechanisms induced by Hh signaling path-
way participate in the heart repair after myocardial ischemia. Therefore, Hh agonists including Hh protein,
Hh gene transfer and small molecule agonist could be part of a potential therapeutic strategy for acute or

chronic ischemic heart disease.

1. Introduction

With the rapid development of aging, ischemic heart disease
resulting from the acute or chronic blockage in coronary arter-
ies by atherosclerosis and thrombus, has become a leading cause
of death in the industrial world. It commonly presents with
symptoms such as angina, arrhythmia, permanent heart mus-
cle damage (myocardial infarction) and loss of muscle activity
(heart failure). Cardiac remodeling is one critical pathological
process after myocardial ischemia, it is the global and cellular
change in the ventricular shape and function following chamber
dilation and interstitial and perivascular fibrosis. The remod-
eling includes neuro-hormonal responses, cytokine activation,
loss of cardiomyocytes due to necrosis or apoptosis, cardiomy-
ocyte hypertrophy, disruption of extracellular matrix (ECM) and
collagen accumulation followed by scar formation (Wang and Li
2007). In the end, remodeling will result in chronic heart failure.
Revascularization is the dominant therapeutic strategy for these
diseases, which is aimed at restoring and improving blood flow
to ischemic cardiac tissue. It includes mechanical and phar-
macological revascularization. Coronary artery bypass grafting
(CABG) and percutaneous coronary interventions (PCIs) are the
mainstream of mechanical revascularization and significantly
reduce morbidity and mortality due to ischemic heart diseases
(Caines et al. 2004). However, about 10% of these patients are
unqualified for these procedures for reasons including pres-
ence of diffuse or intractable lesions. Additionally, it should
be emphasized that although the improvement of interventional
technology and apparatus has remarkably reduced restenosis,
the incidence of myocardial infarction and heart-related deaths
was not notably decreased. Therefore, the noninvasive approach,
pharmacological revascularization has been proposed to treat
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patients who are not eligible for CABG and PCIs. This strategy is
also termed as angiogenesis. Commonly, therapeutic angiogene-
sis includes gene therapy, the delivery of genes encoding for one
or more angiogenic factors using injections of naked DNA, non-
viral vectors or viral vectors into the myocardium, and protein
therapy, direct administration of recombinant cytokines. For the
ischemic heart disease treatment, accumulating evidence from
the literature showed that gene delivery and protein administra-
tion of proangiogenic factors such as fibroblast growth factor-2
(FGF2), vascular endothelial growth factor-A (VEGF-A),
and angiopoietin-2 (ANG?2), can greatly improve myocar-
dial reperfusion and cardiac function in animal ischemic
myocardial models (Syed et al. 2004; Tammela et al. 2005).
However, despite their ability to promote vasculogenesis
and angiogenesis in both normal and ischemic hearts, clin-
ical trials using either protein or gene therapy have thus
far shown little efficacy (Simons et al. 2002; Syed et al.
2004).

In the process of searching for new pharmacological targets,
it has been discovered that activation of Hh signaling is both
necessary for coronary development in the embryonic heart
and sufficient to promote formation of new coronary vessels
in the adult heart. Moreover, several studies showed that the
embryonic Hh pathway was reactivated in adult animal models
of ischemic injury, including hind limb-ischemia and myocar-
dial infarction. Accordingly, administration of Sonic hedgehog
(Shh) as a recombinant protein or via gene therapy promotes
angiogenesis in ischemic tissues (Pola et al. 2001) and provides
protection from ischemic injury in rodent and large animal mod-
els (Kusano et al. 2005). These studies directly implicate the
Hh signaling pathway as a potential therapeutic target for phar-
macological angiogenesis and make a compelling case for the
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Fig.: Difference of signaling transduction between Drosophila and mammals. Drosophila A. In absence of Hh protein binding to PTCH]1, the complex which composed of Fused,
Cos2, SuFu and Ci, is associated with microtubules, so Ci is cleaved by Protein Kinase A (PKA), then transforms to its repressor form resulting in transcriptional inhibition
of target genes. B. When Hh protein bind to PTCHI, relocates to the plasma membrane, Fused becomes phosphorylated and the Ci-Cos2 complex is disrupted. Therefore,
full length Ci is released from the complex, then directly transmits to the nucleus, where it acts as a transcriptional activator of target genes. In mammals C. Glil, Gli2, and
Gli3 are three homologs of Ci. In absence of the Hh signal binding to PTCH1, the Sufu—Gli3 complex is recruited to cilia, leading to the efficient processing of Gli3FLinto
Gli3R by protein kinase A, then Gli3R may translocate into the nucleus, and repress Hh target genes. D. When Hh signaling is activated, Sufu dissociates from Gli3FL, so

Gli3R production is halted

potential therapeutic use of Hh agonists in patients with ischemic
heart disease.

This review begins with describing the structural and functional
characterization of diverse signal transduction elements of the
Hh signaling network and molecular mechanisms involved in
their regulation, highlights its critical role in cardiovascular
development closely related to angiogenesis in ischemic tis-
sues, and focuses on elucidating the mechanisms of its cardiac
protection at molecular level in ischemic heart disease.

2. Transduction of Hh signaling pathway and its action
mode

Sonic hedgehog (Shh) along with Indian hedgehog(Ihh) and
Desert hedgehog(Dhh) are three members of the hedgehog gene
family discovered in mammals. Moreover, all three homologs
are similarly processed, modified and released, and activate the
same downstream signaling elements. Here, it is necessary to
learn about the structure and signal transduction of the Hh sig-
naling pathway for understanding its protection mechanisms in
ischemic diseases.

The secreted Hedgehog (Hh) proteins specifically bind the cog-
nate 12-pass transmembrane receptor Patched-1 (PTCH-1) or
Patched-2 (PTCH-2). PTCH-1, which displays 54% sequence
homology with PTCH2 protein, mainly suppresses the func-
tion of Smoothened (SMO) (Varjosalo and Taipale 2008). SMO
possesses a seven-pass integral membrane domain, homolo-
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guous to with the G protein-coupled receptors, and recent stud-
ies have demonstrated that the function of SMO may be indeed
mediated through coupling to heterotrimeric G proteins (Meloni
et al. 2006). When Hh binds to PTCHI1, the inhibitory effect of
PTCH1 on SMO will be relieved resulting in the accumulation of
Smo in the plasma membrane in Drosophila (Denef et al. 2000)
and within the primary cilium in mammals (Rohatgi et al. 2007),
together with the activation of downstream transcription factor
Cubitus interuptus (Ci) and its homologues- the Gli family. In
Drosophila, Ciis normally present in a complex with a variety of
proteins including the kinesin-like protein Costal2, (Cos2) (Sis-
son et al. 1997), the serine-threonine kinase Fused (Fu) and the
PEST protein Suppressor of Fused (SuFu) (Preat et al. 1993). In
absence of Hh protein binding to PTCH1, this complex is asso-
ciated with microtubules, so Ci is cleaved by Protein Kinase A
(PKA) and the putative ubiquitin kinase Slimb (Jiang and Struhl
1998), then transform to its repressor form, which suppresses the
transcription of target genes including Hh and decapentaplegic
(dpp) (Aza-Blanc et al. 1997) (Fig. A). In presence of Hh pro-
tein binding to PTCH1, SMO relocates to the plasma membrane
(Zhu et al. 2003), Fused becomes phosphorylated and the Ci-
Cos2 complex is disrupted and dissociates (Robbins et al. 1997).
Therefore, full length Ci is released from the complex, then
directly transmits to the nucleus, where it acts as a transcriptional
activator of target genes including dpp and ptc (Fig. B). In mam-
mals, no obvious equivalents of Cos2 and Fu exist, but Glil,
Gli2, and Gli3 are the mammalian homologs of Ci. Glil and
Gli2 are primarily regarded as transcription activator, whereas
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Gli3 has dual functions of repressor and activator (Ingham et al.
2011; Varjosalo and Taipale 2008). However, the underling regu-
lation mechanism is complicated and not completely elucidated.
In absence of the Hh signal, the Sufu—Gli3 complex is recruited
to cilia, leading to the efficient processing of Gli3FL (Gli3full
length) into Gli3R by protein kinase A, then Gli3R formation
dissociated from Sufu may translocate into the nucleus, and
repress Hh target genes (Fig. C). When Hh signaling is acti-
vated, Sufu dissociates from Gli3FL, so Gli3R production is
halted and free Gli3FL translocates to the nucleus where it is
phosphorylated, destabilized, and converted to a transcriptional
activator (Gli3A) (Chen et al. 2009; Humke et al. 2010) (Fig. D).
Hence, the balance between the cellular levels of GLI3R repres-
sor form versus GLI1 and GLI2 transactivators determines the
final outcome on Hh target gene expression in a given cell type.
Secreted Shh ligand together with Thh and Dhh proteins exhibit
their action on the responsive cells nearby or at a distance
in autocrine and paracrine manners by forming monomers or
oligomers. Interestingly, the secreted Hh proteins may diffuse
and accomplish their short- and long-range actions completely
depending on the concentration gradient (Varjosalo and Taipale
2008; Vyas et al. 2008). Considering the results from recent
studies, the full-length unprocessed Shh protein can transport to
the plasma membrane, thereby fulfill certain short-range effects
in a localized manner (Tokhunts et al. 2010). Additionally, the
paracrine mode seems more complicated than that before, pri-
marily being mediated through the Hh signaling cascade. In
detail, it firstly requires the release of the membrane-tethered
Hh ligands from producing cells, then these ligand molecules
may form large nanoscale oligomers which make them easy
to release into the extracellular compartment and transport
to the surrounding-responsive cells or more distant cells via
the lipoprotein carriers. More interestingly, this diffusion pro-
cess can be regulated by different molecular mechanisms. For
instance, the release of Hh ligand oligomers from produc-
ing cells may be improved by their interplay with a 12-pass
transmembrane protein known as dispatched, and cell-surface
heparan sulfate proteoglycans (Mimeault and Batra 2010). Con-
versely, the negative regulatory mechanism might be induced
through the elevated expression of an endogenous Hh inhibitor-
hedgehog-interacting protein (HHIP) at the plasma membrane.
This protein can bind to the three Hh ligands with a higher
affinity. This molecule event would block the binding of Hh lig-
ands to the PTCHI1 receptor and inhibit the signal transduction
(Bosanac et al. 2009; Cohen 2003).

3. The role of Hh signaling for the cardiovascular
development

However, contemporary research highlights the importance of
Hh signaling components in the cardiovascular development
including the morphogesis of heart and blood vessel formation,
because Hh signaling pathway could regulate specification, pat-
terning and growth of cardiac progenitors and vessels (Liu et al.
2006; Vokes et al. 2004), what may be utilized by regenerative
medicine.

Mechanisms of blood vessel formation are generally catego-
rized into two steps: vasculogenesis, the formation of endothelial
tubes de novo from newly differentiated angioblasts; and angio-
genesis, remodeling and maturation of preexisting vessels by
sprouting or septum formation (Jain 2003; Yancopoulos et al.
2000). The primary capillary plexus forms by vasculogenesis
and matures after remodeling through angiogenesis (Flamme
et al. 1997; Risau 1997). It is the hallmark of the mature vas-
culature when a vascular tree composed of larger proximal and
smaller distal vessels emerges during capillary plexus remodel-
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ing, at the same time, arterial and venous vessels differentiate
in this process. Thus, the remodeling process gains many of the
elements of the mature vasculature, including larger arteries and
veins, medium sized arterioles and venules, and smaller capillar-
ies (Risau 1997). In addition, vessels acquire artery or vein fate,
based on the expression of specific molecular markers, at the
capillary plexus remolding stage (Gerety et al. 1999; Shin et al.
2001). Also during angiogenesis, support cells—pericytes and
smooth muscle cells—are recruited to the outer vessel surface
and provide vascular rigidity/stability and contractility (Darland
and D’ Amore 1999).

According to the previous study, Hh proteins were of piv-
otal importance to vascular development. For instance, mouse
embryos lacking Smo and zebra-fish embryos lacking Shh show
defects in varying degrees during vasculogenesis (Byrd et al.
2002), Shh promotes vascular plexus formation in cell cul-
ture, and activation of Hh signaling in the adult mouse is
sufficient to promote angiogenesis in several different tissues
(Kanda et al. 2004; Lawson et al. 2002; Vokes et al. 2004).
Based on these studies, it is likely that Hh governs blood vessel
formation and growth throughout the embryo and potentially the
adult organism by activating a conserved growth factor signaling
cascade.

Similarly, the formation of a vascular network is the beginning
of the coronary development, then, the vascular plexus continue
to be remodeled to give rise to the mature coronary trees (Kat-
tan et al. 2004; Morabito et al. 2002). Interestingly, the initial
coronary vascular plexus consists of two sets of blood vessels
located in different positions: the subepicardial mesenchyme
and the myocardial wall. However, Hh signaling to two different
cells, the cardiomyoblast and the perivascular cell, control the
coronary vein and artery development respectively. Strikingly,
during this progress, the epicardium acts as a center of signaling
for the wave-like growth of the coronary vasculature (Lavine
et al. 2008b, 2006). Moreover, the Shh/VEGF/Notch5 signaling
to specific endothelial cells decides its arterial fate by targeting
D114 and Efnb2 (Duarte et al. 2004; Fischer et al. 2004). Further
investigation demonstrates that Hh/VEGF/ang axis plays a criti-
cal role in maintenance of the coronary vasculature. The absence
of the Hh signaling induces the coronary vessel dropout that
leads to cardiomyocyte cell death and ventricular dysfunction;
the presence of the Hh signaling may protect help to limit the
extent of damage following myocardial ischemia and myocar-
dial infarction (Kusano et al. 2005; Lavine et al. 2008a). Thus,
the Hh signaling pathway has probably become a therapeutic
target of acute and chronic myocardial ischemia owing to its
function of promoting neovascularization.

As a morphogenic gene, Hh signaling has been shown to be
implicated in cardiac development, deletion of Shh may induce
several cardiac malformation including ventricular hypoplasia,
septation defects and outflow tract (OFT) shortening (Wash-
ington Smoak et al. 2005). It have been also demonstrated
that Hh signaling plays an indispensible role in driving cardiac
specification. More specially, using both loss-of-function and
gain-of-function approaches, the myocardial progenitors have
been figured out a direct response to Hh signaling, subsequently
they are induced to specialize into cardiomyocytes (Thomas
et al. 2008).

4. Regulation of Hh signaling in ischemic tissues

Hh pathway has long been thought to be a critical factor related to
morphogenesis during the embryonal period, but recent studies
of adult animal models (hind limb-ischemia model and myocar-
dial infarction model) uncover that the Hh family remains active
in adult physiology, and can be reactivated in ischemia tissues
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(Kusano et al. 2005). Anyway, many theories are postulated to
elucidate the regulation mechanism of Hh signaling pathway in
ischemic tissues. On one side, hypoxia has been proved to actasa
critical trigger of activities of the Shh pathway in cardiomyoblast
cells, neurons, astrocytes, and neural progenitor cells (Bijlsma
etal.2009; Dokucu et al. 2009; Sims et al. 2009). Hypoxia condi-
tions induce the expression up-regulation of hypoxia-inducible
factor-1 (HIF1), a transcription factor that modulates a variety
of gene expression, certainly including Hh signaling component
related genes (Lee et al. 2007). On the other hand, it has been
believed that inflammation in ischemic myocardia might acti-
vate different intracellular signaling elements such as nuclear
factor-kB (NF-«kB), phosphatidylinositol 3-kinase (PI3K)/Akt
(a serine/threonine protein kinase) and K-ras oncogene, all of
which can cause the cellular expression increase of Hh lig-
ands, including Shh protein, GLI activities and Hh signaling
activation (Cui et al. 2010; Kasperczyk et al. 2009). Besides
this traditional way of Hh signal transduction known as ligand-
dependent activation, ligand-independent activation is regarded
as an indispensable complement to it. Research suggests that
hypoxia could activate the Hh pathway in pancreatic ductal ade-
nocarcinoma cells (PDAC) by increasing the transcription of
SMO with the silencing of Shh or not (Onishi et al. 2011). More-
over, it has been exhibited that Gli2 and Gli3 are up-regulated in
ischemic limb muscle, then initiate growth related gene expres-
sion and facilitate myogenesis and angiogenesis (Renault et al.
2008). Interestingly, adenovirus-mediated over-expression of
Gli3 may promote migration of endothelial cells which con-
tributes to vessel growth under both ischemic and non-ischemic
conditions, however, this action is not based on Gli-dependent
transcription regulation, but depends on Akt and (extracellu-
lar signal-regulated kinase) ERK1/2 activation (Renault et al.
2009). In sum, owing to the hypoxia in ischemic tissues, Hh
signaling elements can be activated in a ligand-dependent or
ligand-independent way, then result in GLI transcription factor
activation, thereby initiating the downstream gene expression to
help the injured or necrosis tissue repair.

5. The mechanisms of cardiac protection of Hh
signaling pathway in ischemic heart disease

Numerous accumulating lines of evidence have indicated that
the activation of the Hh signaling cascade may promote angio-
genesis and revascularization in ischemic tissues (Renault et al.
2009; Sims et al. 2009). More particularly, it has been shown that
the Shh protein plays a critical role in coronary development and
can promote the formation of coronary vessels in the embryonic
and adult heart (Lavine et al. 2008a). Moreover, recent research
shows that intramuscular administration of plasmids containing
the human Shh gene induces simultaneous activation of angio-
genic, arteriogenic, and vasculogenic mechanisms, increases the
number of circulating progenitor cells and promotes their migra-
tion into the ischemic sites and their incorporation in the vascular
structures in the limb ischemic model. During this exogenous
gene therapy, it is the key that over-expression of Shh protein
up-regulates the expression downstream gene including VEGF,
ang-1, and stromal cell-derived factor-1a (SDF-1a) (Palladino
et al. 2011). In fact, in earlier studies, it has been demonstrated
that the Hh protein induces the expression of angiogenic gene
via the canonical GLI-dependent activation (Kogerman et al.
1999). Meanwhile, there are some non-classical pathways that
may enhance the expression of angiogenic factors resulting in
vessel formation and neovascularization in ischemic tissues. For
instance, Renault et al. (2010) have shown that Shh directly
modulates EC phenotype and angiogenic activity by activating
the Rho/ROCK pathway. Additionally, genetic modification of
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MSCs with Shh transgene results in expression up-regulation
of the angiogenic growth factors such as Ang-1 and VEGF,
and promotes endothelial mobilization and tube formation in
vitro. In the end, it has been figured out that shh\MSCs atten-
uated infarction size and enhanced angiogenic potential via
the iNOS/Netrin-1/protein kinase C (PKC) pathway (Ahmed
et al. 2010). Another investigation has indicated that the shh-
mediated effects on BM-EPC (bone marrow-derived endothelial
progenitor cell) proliferation, migration and VEGF production
likely occur via activation of PI3-kinase/Akt (Fu et al. 2006).
Moreover, over-expression of Gli3 in ischemic tissues may
increase the expression of several proangiogenic factors includ-
ing platelet-derived endothelial cell growth factor (PD-ECGF),
CXCLI and CXCL2 by indirectly activating ERK1/2 and Akt
activity in ECs (Gunningham et al. 2007; Jeung et al. 2006).
Once hypoxia in ischemic tissues has activated the Hh signal-
ing pathway, over-expression of Hh proteins during the process
might up-regulate the expression levels of pro-angiogenic and
agiogenic factors in a GLI-dependent or independent way, which
facilitates angiogenesis in ischemic tissues or infarcted areas.
In addition, Hh signaling pathway activation after myocardial
infarction may promote cardiomyocyte regeneration to help the
heart repair. Thomas et al. (2008) demonstrated that Hh signal-
ing plays an important role in driving cardiac specification in
the zebrafish embryo, utilizing both loss-of-function and gain-
of-function approaches, while in the mouse embryo, a direct
response in the myocardial progenitors to Hh signaling has
been shown to help transform the multipotent progenitor cells to
myocardial lineage. As we know, there some residual myocar-
dial progenitor cells remain in the adult heart, so it might be
supposed that the Hh signaling activated under local hypoxia
condition or by severe ischemia after myocardial infarction, act
on these cells contributing to cardiomyocyte formation. Thus,
the conserved, cell-autonomous role for Hh signaling pathway
would be able to provide a more effective manipulation of the
production of cardiomyocytes from multipotent cardiovascu-
lar progenitors (Kattman et al. 2007; Martin-Puig et al. 2008).
Moreover, it was reported that Shh could activate classical sig-
naling pathways related to migration as a potent chemoattractant
for monocytes or endothelial progenitor cells (EPCs) (Dunaeva
et al. 2010; Hochman et al. 2006), likely resulting in a sig-
nificant increase of multipotent cardiovascular progenitors in
the injuries or ischemic myocardia. Another recent research
demonstrated that modification of stem cells with Shh gene
maximized their survival in the heart by iNOS/netrin-1/protein
kinase C(PKC) signaling (Ahmed et al. 2010). A further study
uncovered that Shh directly promoted progenitor cell prolifera-
tion, migration, and adhesion (Sims et al. 2009). Additionally,
Hh signaling elements are reported to be implicated in the cell
apoptosis via inhibiting caspase-3 and up-regulating bcl-2 (Tang
et al. 2006; Wang et al. 2010), so that the number of cardiomy-
ocytes and diverse stem cells increases, resulting in infarction
area reduction. In conclusion, several mechanisms are postu-
lated to be involved in tissue repair in the ischemic heart: firstly,
residual myocardial progenitors transform to cardiomyocytes;
secondly, endogenous EPCs, MSCs and other multipotent stem
cells migrate into ischemic tissues, then differentiate into car-
diomyocytes; thirdly, cell apoptosis inhibition retains a number
of cardiomyocytes which would have come to death in the sever
ischemic environment. However, the Hh signaling components
participate in all these modulation processes, and maximize the
effect of heart repair.

Last but not least, Hh signaling possibly exerts a dualistic action
in myocardial ischemic/reperfusion injuries (I/R). Specifically,
endogenous Hh signaling imposes a negative effect on I/R
injuries at early stages. But high level of exogenous Hh signaling
may reduce cardiac myocyte apoptosis and myocardial fibrosis,
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and help post-ischemic functional recovery (Bijlsma et al. 2008).
More specially, a few studies shows that cyclopamine reduces
neutrophil infiltration, expression of proinflammatory cytokines
including tumor necrosis factor-a (TNF-a) and interlukin-
1B(IL-1B), as well as a-smooth muscle actin resulting in
reduced fibrosis and apoptosis (Pratap et al. 2010, 2011).

6. Synergetic action between the hedgehog cascade and
other growth-related signaling during cardiovascular
development and cardiac protection

A growing body of evidence has indicated that growth-related
factors are associated with the activities of Hh signaling com-
ponents throughout angiogenesis. One previous observation
demonstrated that Shh promoted angiogenesis by inducing
angiogenic cytokines, including the VEGFs (vascular endothe-
lial growth factors) and angiopoietins (Davey et al. 2007; Tamura
et al. 2003). Further analysis suggests that hedgehog signaling
may be essential for up-regulating the receptors for the VEGF
cytokines as well, especially for the VEGF receptors Flk1 and
Flt1 during the murine yolk sac angiogenesis (Byrd et al. 2002).
Similarly, it has been indirectly shown that activation of the
Hh signaling cascade possibly results in the elevated expression
of angiopoietin-1 (Ang-1), insulin-like growth factor-I (IGF-1),
and PDGF-B (platelet-derived growth factor) which are sup-
posed to be implicated in tumor vasculature (Nakamura et al.
2010). Furthermore, accumulating data has demonstrated that
the influence between them is really bidirectional. On one side,
it has been reported that myocardial fibroblast growth factors
(FGF) signaling triggers a wave of Hh activation that is essen-
tial for vascular endothelial growth factor (VEGF)-A, VEGF-B,
VEGF-C, and angiopoietin-2 (Ang2) expression during coro-
nary vascular development (Lavine et al. 2006). Interestingly,
the GLI2, one important component of Shh signaling which can
induce ectopic brachyury expression and foster ventroposterior
development in albino frog embryos, may also be modulated by
FGF signaling (Brewster et al. 2000). On the other side, recent
investigations show that Hh signaling pathway promotes angio-
genesis and the maintenance of the adult coronary vasculature
based on a VEGF-dependent way (Lavine et al. 2008a; Lavine
and Ornitz 2007). Taken together, Hh signals fulfill its accurate
modulation depending on the intricate cross-talks between itself
and the growth-related factors.

Just because of synergetic actions between the Hh signaling
pathway and growth-related factors, it has been proposed that
combinations of proangiogenic agents may be required to trigger
a therapeutic level of blood vessel growth in the adult human
heart (Syed et al. 2004). Accordingly, transgenic overexpression
of both VEGF-A and Ang-2 leads to significantly higher levels
of vascular growth than does either factor alone (Visconti et al.
2002). Currently, a combination therapeutic strategy is provided
for testing. However, as Hh pathway components can directly or
indirectly promote other growth factors expression, they might
become effective proangiogenic agents, being able to achieve
higher levels of vascular growth.

7. Treatment implication and future directions

A lot of investigations have revealed that the Hh signaling com-
ponents play a crucial role in the angiogenesis in the embryonic
and adult period. Moreover, it has been shown that the Hh pro-
tein can promote coronary development and maintain coronary
vessels in embryonic and adult heart. Furthermore, it has also
been reported that endogenous Hh has a protective effect on the
ischemic heart. Therefore, the exogenous administration of Hh
agonists is regarded as a potential therapeutic strategy for acute
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or chronic ischemic heart disease, Hh protein, Hh gene trans-
fer and small molecule agonists are probably three types of Hh
agonists commonly recommended for clinical use.

Firstly, recent studies show that microparticles, small plasma
membrane fragments released from various types of cells dur-
ing activation by agonists, physical or chemical stress, including
apoptosis, carrying Shh protein (MPsS'™) may contribute to
reparative neovascularization by increasing expression of NO
pathway and genes involved in angiogenesis, especially after
ischemic injury (Benameur et al. 2009, 2010; Soleti and Mar-
tinez 2009). Secondly, genetic transfer of Shh provides us
with a promising treatment for ischemic heart disease. At the
early stage of gene therapy, intramyocardial gene transfer of
naked DNA encoding human Shh (phShh) has been proved
to trigger expression of multiple trophic factors in order to
promote neovascularization and reduce fibrosis and cardiac apo-
ptosis (Kusano et al. 2005); Subsequently, it has been shown
that exogenous delivery of plasmids containing Shh gene or
MSCs modified with Shh gene can induce simultaneous activa-
tion of angiogenic, arteriogenic, and vasculogenic mechanisms,
with beneficial effects, respectively in the model of peripheral
limb ischemia and myocardial infarction (Ahmed et al. 2010;
Palladino et al. 2011). Finally, activity of the Hh signaling path-
way can be modulated by synthetic small molecules (Stanton and
Peng 2010) which similarly activate the cascade and mimic the
angiogenesis in ischemic tissue as if Hh signaling components
have been endogenously excited under the ischemic condition.
So this field should be widely explored to find a safe, economic
and convenient pharmacological management of the ischemic
heart disease.

However, issues of dosing, length of treatment, and route of
administration are for the most part unexplored. Whatever,
differences between systemic and local administration of Hh
agonists, between the short-termed and long-termed effects are
not clearly observed. Most importantly, whether activation of
Hh signaling either locally or systemically may have deleteri-
ous consequences and whether small molecule Hh agonists have
undesirable off-target effects have not been adequately explored
(Lavine and Ornitz 2007).
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