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Abstract Myocardial infarction (MI) is a leading cause
of hospitalization worldwide. A recently developed strat-
egy to improve the management of MI is based on the use
of growth factors which are able to enhance the intrinsic
capacity of the heart to repair itself or regenerate after
damage. Among others, hepatocyte growth factor (HGF)
has been proposed as a modulator of cardiac repair of
damage due to the pleiotropic effects elicited by Met
receptor stimulation. In this review we describe the
mechanistic basis for autocrine and paracrine protection of
HGF in the injured heart. We also analyse the role of
HGF/Met in stem cell maintenance and in stem cell ther-
apies for MI. Finally, we summarize the most significant
results on the use of HGF in experimental models of heart
injury and discuss the potential of the molecule for treating
ischaemic heart disease in humans.
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Introduction

Ischaemic heart disease is the most common cause of death
in most western countries and a major cause of hospital-
ization [1]. Myocardial infarction (MI) most frequently
results from atherosclerosis of the coronary arteries and
subsequent shortage of blood supply to the heart. The
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resumption of blood flow in ischaemic tissue, so-called
reperfusion, has proved an effective life-saving therapy;
therefore, coronary angioplastic interventions or thrombo-
lytic treatments are currently recommended for the
immediate-early treatment of acute MI.

The physiopathological response leading to the repair of
the damaged tissue occurs through four independent
processes:

1. Degeneration due to cell death for apoptosis or
necrosis.

2. Inflammation with influx of inflammatory cells into the

damaged tissue.

Fibrosis and eventual scar instauration.

4. Regeneration through formation of new functional
tissue.

w

Effective repair of the damage seems to depend on the
efficiency of recruitment and activation of the inflamma-
tory cells at the site of injury [2]. However, the
inflammatory response primarily triggered by reperfusion
may also lead to myocardial injury. The inflammatory
response is concomitant with the onset of a fibrotic process
that leads to the replacement of functional heart muscle
with collagen-based connective tissue. Surviving cardio-
myocytes primarily react with hypertrophy, rather than
proliferation, due to their limited mitotic capacity. How-
ever, the generally accepted, but never proven, dogma of
the heart as a terminally differentiated organ has been
challenged by the identification of cardiac progenitor cells
(CPCs) in the adult heart [3-6]. CPCs are self-renewing,
show unlimited replication and can generate the main
cardiac cell lineages (cardiomyocytes, smooth muscle and
endothelial cells).

A recently developed strategy to improve the current
therapeutic arsenal against MI is based on the use of
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growth factors to strengthen the heart’s intrinsic capacity to
react to acute damage. Stem cell transplantation has been
proposed as an alternative or complementary strategy to
early treatment approaches. It aims to create in the cardiac
parenchyma an optimal environment for stimulating dam-
aged myocardium self-repair. Indeed, recent studies have
suggested that the beneficial effects of stem cell-based
treatment of MI are mostly due to the production of tro-
phic/proangiogenic factors [7]. Among other molecules,
hepatocyte growth factor (HGF) has been proposed as a
modulator of cardiac repair. This review includes the his-
tory of HGF in cardiac disease [8], unravels the
mechanistic basis for HGF autocrine and paracrine pro-
tection, and explores the potential of the clinical use of
HGF, with a discussion of the pros and cons in cardiac
disease to date.

The HGF/Met system

HGF is synthesized as a single-chain inactive precursor
(pro-HGF) and is converted by proteolysis to a two-chain,
active heterodimer, composed of a 69-kDa «-chain and a
34-kDa f-chain [9]. The multiple biological functions of
HGF are mediated by its specific tyrosine-kinase receptor,
which is encoded by the Met protooncogene [10]. Like its
ligand, the high-affinity Met receptor is a disulphide-linked
heterodimer, which results from cleavage of a precursor.
The mature form consists of an extracellular ¢-chain and a
longer ff-chain (for a more specific review on Met struc-
ture, signalling and targets see reference [11]). HGF was
originally associated with liver regeneration, then emerged
as a pleiotropic factor acting on a broad variety of cell
types. HGF functions include induction of cell prolifera-
tion, motility, morphogenesis and differentiation into
tubule-like structures [12]. HGF and the Met receptor are
also involved in cardiomyogenesis [13].

Cardioprotective role of HGF

The expression of HGF and its secretion into the blood
circulation are promoted during the early phase of MI [14].
HGF and the Met receptor are expressed at relatively low
levels in normal cardiomyocytes, but their concentration
increases significantly in the ischaemic myocardium and
they are detectable for at least 14 days after permanent
coronary artery occlusion in rats [15]. Upregulation of the
Met receptor usually occurs through transcriptional acti-
vation by other molecules produced by the reactive stroma,
including inflammatory cytokines and proangiogenic fac-
tors [16, 17], and HGF itself [18] or by HIF-1o induction
[19]. The production of HGF and the Met receptor is also
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enhanced in the heart of rats subjected to myocardial
ischaemia and reperfusion [20], with a slight but significant
increase also in circulating plasma. An increase in protein
levels might be interpreted as a mere marker of myocardial
damage or as a prognostic factor in acute coronary syn-
dromes [21]. However, a conspicuous body of evidence
suggests the far broader importance of the HGF/Met sys-
tem in cardiac tissue repair. First, HGF promotes enhanced
survival of cardiomyocytes in vitro under ischaemic
conditions [15, 22]. These effects have also been shown
following administration of recombinant HGF or HGF
gene transfer, which are able to reduce the infarct area
and to improve cardiac function by suppressing apoptosis
of cardiomyocytes [22-26]. Conversely, neutralizing
endogenous HGF activity increases infarct size and car-
diomyocyte death [22].

Apoptosis of cardiomyocytes is one of the main mech-
anisms responsible for MI and reperfusion injury [27].
HGF is a powerful survival factor for cardiac cells under
oxidative stress via activation of the MEK/MAPK pathway
[28], and is responsible for attenuation of cell apoptosis by
activation of the PI3K/Akt pathway [29]. HGF is also able
to protect against doxorubicin-induced cardiomyopathy
[30, 31] through HGF-mediated ERK activation, upregu-
lation of Met and GATA4. Met receptor activation by a
specific monoclonal antibody efficiently protects cardiac
muscle cells from apoptosis [32]. Liu [33] reported that
HGF triggers phosphorylation and inactivation of proa-
poptotic Bad via the PI3K/Akt pathway and simultaneously
upregulates antiapoptotic Bcl-xL. Thus, at least two addi-
tive pathways are responsible for the antiapoptotic action
of HGF: (1) PI3K-dependent inactivation of Bad, and (2)
upregulation of Bcl-xL, both in vitro and in vivo in
cardiomyocytes [22]. The stimulation of E-twenty six (Ets)
transcription factors [34] and GATA4 phosphorylation [35]
are responsible for the HGF-mediated rapid induction of
Bcl-xL expression.

The cardioprotective and antiapoptotic effects of HGF
on cardiomyocytes confirm the importance of growth fac-
tors for cell survival in a hostile environment.

HGF-triggered biological responses for paracrine
protection

Met and angiogenesis

HGF improves myocardial blood supply by stimulating
angiogenesis, increasing the density of capillaries and also
by direct stimulation of the endothelial cells [36, 37]. Ding
et al. [38] reported that Met expression is increased shortly
after switching to angiogenic growth conditions and
remains high during the first steps of angiogenesis,
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including cell migration and proliferation. This is consis-
tent with the evidence of Met expression in the infarcted
area, where it coexists with CD31, CD34 and VWF-posi-
tive cells, suggesting that its upregulation in the injured
area is essential to the promotion of angiogenesis [29].
HGF may therefore play an important role in the regener-
ation of endothelial cells and neovascularization during MI,
thereby contributing to the protection of cardiomyocytes
from ischaemic injury [24]. HGF is a potent angiogenic
growth factor in mouse, rat and rabbit ischaemia models
[39-42]. HGF has a stronger mitogenic effect than vascular
endothelial growth factor (VEGF) and f-FGF in human
aortic endothelial cells in vitro, as well as in a rabbit hind
limb ischaemia model in vivo [43, 44].

Moreover, HGF can indirectly stimulate angiogenesis by
inducing the release of other endothelial cell mitogens from
non-endothelial cell populations [45-48]. Genes involved
in angiogenesis have been found in the pathway-specific
transcriptional targets of Met [49]. Among these, VEGF
seems to be the most powerful in the promotion of thera-
peutic angiogenesis in MI [47]. However, the clinical
utility of VEGF has been questioned because of the
occurrence of some considerable side effects, such as an
increased vascular permeability leading to oedema, leuco-
cyte adhesion and increased expression of adhesion
molecules promoting excessive inflammation. The combi-
nation of VEGF with other growth factors, such as
angiopoietin-1 (Angl), could allow alternative strategies to
limit swelling and inflammation [50]. In this respect, it is
interesting to note that HGF is able to promote angiogen-
esis without increasing vascular permeability or
inflammation [51]. Moreover, the combination of VEGF
and HGF has an additive effect on proliferation and
migration of the endothelial cells and neovascularization in
vivo [47]. In addition to angiogenesis, the formation of
collateral vessels from existing arteries (arteriogenesis)
plays an important role in attenuating ischaemic cardio-
myopathy [52]. The angiopoietin/Tie2 ligand receptor
system has been implicated in the maturation of blood
vessels and arteriogenesis. The formation of mature vessels
is regulated by communication between endothelial cells
and smooth muscle cells (SMC), which are recruited by
Angl to support endothelial expansion. This function could
be mediated by HGF, which is induced by Angl and pro-
motes the recruitment of SMC, enhancing the stabilization
of the newly formed blood vessels [53].

Met and fibrosis

HGF has been shown to prevent fibrotic response in models
of both acute ischaemia [24, 54] and dilated cardiomyop-
athy in the hamster [55, 56]. Many cytokines are known to
regulate the fibrogenic process after tissue injury and

transforming growth factor-betal (TGF-£1) in particular is
believed to play a pivotal role. A large body of evidence
suggests that TGF-f1 and angiotensin II (ANG II) play a
crucial role in promoting an unfavourable myocardial
remodelling [57-61]. ANG II increases expression of TGF-
P1 in cardiac fibroblasts [57, 59] and TGF-f1 enhances
fibroblast production of extracellular matrix and strength-
ens cellular adhesion [57, 59, 60]. TGF-f1 also induces
hypertrophy and apoptotic cell death in cardiomyocytes
[58] and mediates the hypertrophic cardiomyocyte growth
induced by ANG II [62]. The antifibrotic effects of HGF
are mediated, at least in part, by the inhibition of TGF-f1
secretion in myofibroflasts [55, 63, 64].

Recently, Mizuno et al. [65] demonstrated that HGF
promotes the apoptosis of myofibroblasts, resulting in a
real inhibition of TGF-f1 expression in the fibrotic lung. In
addition, HGF has been reported to abolish TGF-f induc-
tion [63, 65] and also intercept TGF-f-initiated Smad
signalling [66, 67] in interstitial fibroblasts. HGF is also
able to attenuate the translocation and accumulation of
activated Smad 2/3 in the nucleus, dependent on Erk-1/2
phosphorylation [66], and induces the expression of deco-
rin, which can bind and sequester active TGF-§ [67].
Finally, HGF inhibits profibrotic signalling by downregu-
lation of TGF-p itself and diverts Smad 2/3 signalling even
in the myocardium [68].

In the case of doxorubicin-induced cardiomyopathy,
HGEF appears to diminish fibrosis via a different mechanism
[31], which might be related to its proangiogenic function.
HGF increases production of NO in different cell types,
including endothelial cells [69]. Inhibition of NO produc-
tion leads to the upregulation of angiotensin-converting
enzyme (ACE) [70] and accelerates fibrosis [71] while
inhibition of ANG II with an ACE inhibitor or with ANG II
type I receptor attenuates the fibrotic changes in the heart
of cardiomyopathic hamsters [63]. Of note, the antifibro-
genic action resulting from the inhibition of ANG II is
associated with high levels of HGF, which stimulates the
degradation of extracellular matrix and inhibits collagen
synthesis through stimulation of MMP1 and inhibition of
TGF-f. HGF probably stimulates MMP-1 through the
activation of Ets, essential transcription factors for angio-
genesis and vasculogenesis. In fact, some members of the
Ets family play important roles in regulating the tran-
scription of genes, including MMP-1, stromelysin 1 and
uPA [72-74], in response to multiple developmental and
mitogenic signals [75, 76].

Furthermore, it has been reported that ANG II and TGF-
f are strong negative regulators of local HGF production
[77, 78]. This phenomenon raises the interesting hypothesis
that disruption of the autocrine/paracrine local HGF system
by TGF-f and ANG II may result in the abnormal accu-
mulation of extracellular matrix.
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Met and immunomodulation

Acute inflammation is initiated by cells that are already
present in all tissues, mainly resident macrophages and
mastocytes. Their activation leads to the early release of
inflammatory mediators responsible for the clinical signs of
inflammation. Vasodilation and increased vascular perme-
ability permit the migration and extravasation of
leucocytes, mainly neutrophils, out of the bloodstream into
the tissue. Neutrophils migrate to the site of injury along a
chemotactic gradient created by the local cells. HGF may
increase the acute inflammatory response, leading to an
enhanced recruitment of endothelial cells, and limit it
subsequently. Monocytes are activated by HGF into mac-
rophages [79], which are mainly involved in the second
wave of the inflammatory process, when the number of
neutrophils decreases, and the endothelial cells and the
fibroblasts proliferate. The fibroblasts, as well as the car-
diac mast cells, participate in the harmful fibrotic process.

In the monocytes, HGF upregulates IL-10 [80], a cyto-
kine that plays an important role in limiting the
inflammatory response [81], indicating that HGF may also
play an immunomodulatory role. Accumulating evidence
shows that IL-10 has several protective features against
atherosclerotic disease. IL-10 knockout mice show
enhanced formation of atherosclerotic vascular lesions
[82]. Indeed, IL-10 inhibits the adhesion of monocytes to
endothelial cells by downregulating the adhesion mole-
cules CD18 and CD62-L on immune competent cells [83].
Higher IL-10 plasma levels have been found in patients
with stable coronary artery disease, compared with those
with unstable coronary syndromes [84]. This finding sug-
gests that IL-10 may serve as a plaque-stabilizing cytokine
and may play a protective role against atherosclerotic
disease by downregulating the inflammatory process.
Interestingly, the administration of HGF upregulates the
serum levels of IL-10 in patients with coronary heart dis-
ease [85]. Moreover, serum IL-8 concentrations are
downregulated after the administration of Ad-HGF to
patients with coronary heart disease [85]. IL-8 is a proin-
flammatory cytokine with chemoattractant and mitogenic
effects on vascular SMC [86], monocytes [87] and neu-
trophils, directing them to the site of tissue injury [88—90].
Thus, HGF therapy may exert protective effects against
atherosclerotic disease by decreasing the inflammation
through a reduction in serum IL-8 levels, as well as by
increasing concentrations of IL-10. These and other [91]
results suggest that increasing the local HGF concentra-
tions may be a potential therapy for atherosclerotic lesions.

Recent studies indicate that HGF reduces cardiomyocyte
apoptosis and has immunosuppressive effects also in a
model of autoimmune myocarditis [92]. This protective
effect appears to be due to the suppression of T cell
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response through the reduction of IFNy and the increased
production of IL-4 and IL-10. Interestingly, HGF promotes
the differentiation of tolerogenic dendritic cells, which
favour the expansion of IL-10-producing regulatory T
cells, thus maintaining T cells in a low state of activation
[80]. This potent immunomodulatory mechanism of action
of HGF has been recently proven in an animal model of
autoimmune encephalitis [93].

IFNy plays a central role in acute rejection [94, 95]. In a
study by Yamaura et al. [96], the administration of HGF
resulted in a significant reduction in IFNy expression in
cardiac allografts, suggesting that the prolongation of graft
survival recipients following treatment with HGF may be
mainly attributable to the HGF-induced modulation of
IFNy. These results suggest that the cardioprotective and
immunomodulatory potency of HGF in cardiac allografts
might be at least in part due to T cell-mediated immuno-
suppression induced by modulation of TGF-f and IL-10
levels.

HGF and stem cell therapies
Met and resident cardiac progenitor cells

Until a few years ago, the myocardium was considered a
tissue devoid of regenerative capacity. Over the last dec-
ade, however, it has been shown that the heart contains a
pool of CPCs, which are still able to proliferate. A number
of studies [4-6, 97-100] independently described a cardiac
stem/progenitor cell population that may regenerate myo-
cardium after injury. On the basis of specific surface
markers and different isolation approaches, several types of
CPCs have been described [101]. The heterogeneity of
these stem cells may reflect their different origins: some
stem cells reside in the myocardium from fetal life [98],
and some others probably have an extracardiac origin being
derived from bone marrow [102] and colonize the myo-
cardium in the postnatal period [4, 100].

CPCs seem to possess the properties required to achieve
cardiac regeneration. That is, they are autologous, can be
expanded ex vivo and can differentiate into the three main
cardiac populations: endothelial cells, vascular SMC and
cardiomyocytes [103, 104]. When injected into infarcted
murine hearts, CPCs regenerated a functionally integrated
myocardium [4, 6, 100]. CPCs express receptors for many
growth factors, including Met [105]. When stimulated, they
respond with mobilization, expansion and differentiation
into cardiomyocytes and vascular cells. Moreover, emerg-
ing evidence suggests that resident CPCs also have a
paracrine function [106, 107], enhancing the survival of
cardiomyocytes under hypoxic conditions as well as
inducing formation of new endothelium [108]. VEGF and
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HGEF are the soluble factors causing these effects. These
findings suggest the existence of an autocrine and paracrine
crosstalk in the cardiac microenvironment.

Therapeutic approaches aiming to reduce fibrosis and
enhance survival and proliferation of resident cardiac stem
cells might be the best option to improve the intrinsic
regenerative potential of the myocardium. A valid treat-
ment could be represented by a cocktail of growth factors,
including HGF, which activate and mobilize in situ the
CPCs to regenerate cardiomyocytes and vascular cells
[105, 109, 110].

As a result of the elusive nature of endogenous CPCs,
the attention of the scientific community is shifting towards
the biology of cardiac progenitors in the embryonic and
fetal heart. Interestingly, both Met and HGF are transiently
expressed in the developing myocardium [13, 111-113].
Two well-defined populations of cardiac progenitors have
been characterized so far. These are the first heart field and
second heart field cells, which give rise to either the
majority of the left ventricle and parts of the atria or the
right ventricle plus parts of the atria and the proximal part
of the great arteries, respectively [114]. A third lineage of
progenitors has been identified in epicardial cells [115—
117]. During embryonic development of the heart, the
proepicardium differentiates into a migrating mesothelium,
known as the epicardium. Epicardial cells in this com-
partment undergo the process of epithelial to mesenchymal
transformation, giving origin to epicardial progenitor cells,
that contribute to the cardiomyocyte lineage during the
formation of the working myocardium [118, 119] and to
coronary vasculogenesis [120]. Interestingly, these cells
retain the ability to produce mesenchyme in response to
specific growth factors and to generate SMC [121]. Thy-
mosin- 4 has been shown to promote vessel formation and
collateral growth not only during development but also in
the adult epicardium [122]. Several factors initiating and/or
controlling the epithelial to mesenchymal transformation in
the developing myocardium have been identified, including
HGF [112]. At present, no data are available on the pos-
sible expression of Met on epicardial cells, but this topic
should be addressed in view of the considerable therapeutic
potential of such information.

Recently, a stem cell population expressing c-kit,
which has been discovered within the adult myocardium
and is capable of giving origin both to vascular and
cardiac cells [4], has been found in the epicardial region
of embryonic [123] and fetal hearts [124]. Interestingly,
the embryonic properties of the epicardium are recapitu-
lated in the adult heart following MI and the pericardial
fluid seems to be involved in the process. The increase in
HGF levels in the pericardial fluid of ischaemic patients
[125] suggests a role for HGF in the reactivation of a
developmental programme.

Met and embryonic stem cells

Pluripotency distinguishes embryonic stem cells (ESCs)
from adult stem cells: ESCs can generate all cell types in
the body, while adult stem cells are multipotent and can
produce a limited number of cell lineages. However, the
actual amount of functional cardiac cells in the heart of a
recipient after transplantation of ESCs is severely impaired
by the low rate of differentiation into the cardiac lineage.
HGF might improve ESC differentiation, since it signifi-
cantly increases the number of beating embryoid bodies of
differentiating ESCs and upregulates the expression of the
heart-specific transcription factors Nkx2.5 and GATA4,
and of markers of differentiated cardiomyocytes by acti-
vating the PI3K/Akt pathway [126]. Nevertheless, the
clinical use of ESCs is still largely limited by the risk of
inducing a teratoma and by ethical concerns. Thus, the
attention of clinical science has moved to innovative
therapies based on the use of adult stem and progenitor
cells.

HGF in stem cell-mediated cardiac repair

The rationale for stem-cell therapies is based on their
ability to secrete paracrine factors. A growing body of
evidence strongly suggests that these molecules mediate a
number of cardioprotective mechanisms including cell
survival, neovascularization and favourable matrix
remodelling. Paracrine factors are generally released from
endogenous damaged cells in the heart. Thus, growth fac-
tors and cytokines secreted by exogenously transplanted
cells may be advantageous by regulating endogenous pro-
cesses which would be otherwise insufficient. Among these
factors, HGF is released by several types of stem cells,
including multipotent bone-marrow-derived cells [127],
circulating mononuclear cells [128], endothelial progenitor
cells [129, 130], mesenchymal stem cells [131, 132], tis-
sue-resident  c-kit+/MDR1+/Scal+ cells [105] and
adipose stem cells [133, 134]. Interestingly, HGF is pivotal
for promoting the survival of adipose-derived stem cells,
and for the proliferation and migration of mature and
progenitor endothelial cells in vitro. Furthermore, HGF
enhances reperfusion in mouse hind-limb ischaemia [133].
Regardless of the population of stem/progenitor cells
involved, the release of HGF, together with a mixture of
other factors, results in a therapeutic neovascularization
triggered by ischaemia [135, 136]. Moreover, strategies
aimed at improving the survival of stem cells themselves
lead to secretion of HGF [137] and increased survival of
the cardiomyocytes [138, 139].

Paracrine mechanisms have been shown to influence cell
contractility [140]. Whether this is due to cardioprotection
rather than to direct release of inotropic factors is still a
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matter of debate. Modulation of catecholamine levels and
p-adrenoreceptor density has been proposed as the mech-
anism leading to enhanced contractility in a model of
doxorubicin-induced heart failure [141]. The secretion of
paracrine factors by the transplanted stem cells may also be
responsible for a favourable remodelling of the extracel-
lular matrix [142]. Involvement of HGF paracrine
activation in cardiac remodelling, which results in pre-
served contractility, has been demonstrated in
mesenchymal stem cells overexpressing stromal cell
derived factor-1 (SDF-1), when transplanted in infarcted
hearts [143].

These findings suggest the existence of a complex
crosstalk between transplanted and endogenous stem cells,
which may be the basis of successful cell-based therapies.

Met and homing

The regenerative potential of all nonresident stem cells,
including those administered exogenously, depends on the
efficacy of their recruitment at the site of injury. This
process is regulated by molecular signals secreted by the
damaged tissues; it is thus conceivable that a function of
HGF is also as an important factor in orchestrating the
process of mobilization, homing, incorporation, survival
and proliferation of progenitor and stem cells, that results
in myocardial repair. Several types of stem cells are able to
repair the damaged myocardium by promoting angiogen-
esis. These include different cellular subpopulations
derived from bone marrow [144]. Responding to specific
signals, the stem cells migrate from their niche within the
bone marrow and are released into the blood flow.
Recently, it has been shown that multipotent stem cells
associated with blood vessels, called mesoangioblasts
[145], repair ischaemic damage as efficiently as stem cells
from bone marrow [146].

Homing and engraftment are prerequisites for all cell
types infused via the vascular route to provide any effect in
the damaged tissues. The ability of progenitor cells to
migrate, adhere to the endothelium and be retained in situ
is also important for their angiogenic potential.

While the homing of leucocytes to sites of inflamma-
tion has been well studied, the mechanisms of progenitor
cell homing to ischaemic areas are poorly understood.
During inflammation, the recruitment of inflammatory
cells requires a coordinated sequence of multistep adhe-
sive and signalling events, including migration and
invasion in the extracellular matrix, and involving matrix-
degrading proteases [147]. The unique property of HGF
of stimulating cell motility and expression of Met
receptor in all the aforementioned stem cells [79, 131,
132, 145, 148, 149] suggests that HGF is a cytokine
potentially able to attract these cells into damaged tissue,
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simultaneously promoting survival,
remodelling.

The most powerful signal for stem cell mobilization and
homing is the chemokine SDF-1, which binds its specific
receptor CXCR4. Under physiological conditions, various
tissues, including bone marrow, constitutively express
SDF-1 and a significant gradient is established between
SDF-1 concentrations in the bone marrow and peripheral
tissues [150]. Under different circumstances, such as
hypoxia, ischaemia and inflammation, SDF-1 is upregu-
lated and its gradient is reversed [151-153]. SDF-1 gene
expression is regulated by HIF-1a. Thus, recruitment of
regenerative CXCR4+ cells is mediated by hypoxic gra-
dients via HIF-1-induced expression of SDF-1 [154].
Interestingly, hypoxia activates the transcription of the Met
protooncogene [19] while Met activates HIF-1o [155] and
induces CXCR4 [156].

Recently it was shown that VEGF induces the expres-
sion of perivascular SDF-1 chemokine that, in turn, is able
to attract and retain in this strategic position circulating
cells from the bone marrow, which act in a paracrine
manner to increase in situ proliferation of activated endo-
thelial cells [157]. Indeed, a pool of cells expressing both
Met and CXCR4 exists in the bone marrow [149, 158], and
these cells could respond to HGF chemotaxis and retention
mediated by SDF-1, as was recently suggested for VEGF
[157]. The SDF-1/HGF relationship is further interlaced
since SDF-1 is also able to increase HGF release in cul-
tured and transplanted mesenchymal stem cells [143]. This
mechanism has been involved in migration and survival of
different cell types, including primary myoblasts [159],
satellite cells [160] and a subpopulation of bone marrow
cells [149, 158].

These findings suggest an important role for HGF also in
the recruitment and activation of progenitors and stem cells
for regeneration.

angiogenesis and

HGF gene transfer in myocardial infarction

Due to its potential angiogenic, antiapoptotic, antifibrotic,
and antiinflammatory effects, HGF gene therapy has
attracted increasing attention in studies on ischaemic heart
diseases (Table 1) [24-26, 161, 162].

Transfer of the HGF gene in patients with MI results in a
significant preservation of myocardial function and geom-
etry, with decreased left ventricular remodelling [25]. The
administration of an adenoviral vector expressing HGF
leads to a reduced apoptosis of interstitial cells such as
endothelial cells and myofibroblasts in the infarcted tissue
in mice [25]. In vivo experiments in pigs have also dem-
onstrated that intramyocardial injection of human HGF
plasmid DNA results in a significant improvement in
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Fig. 1 HGF and Met receptor levels increase after MI. Activation of
Met receptor at the surface membrane of cardiomyocytes and
interstitial cells leads to stimulation of different signalling pathways
and biological responses. The local increase in secreted HGF results
in inhibition of TGF-f signalling in myofibroblasts and ultimately in
the inhibition of collagen deposition and fibrosis (yellow). Con-
versely, TGF-f and ANG II, another profibrotic factor, behave as
negative regulators of HGF local production. Stimulation of Met
receptor results in MAPK-mediated phosphorylation of GATA4 and
Ets, which stimulate the antiapoptotic activity of Bcl-xL, while the

cardiac function through an increase in blood flow and a
decrease in fibrosis in a model of ischaemic cardio-
myoapthy [68]. HGF gene transfer has been shown to be
effective in improving angiogenesis in several ischaemic
models [40, 42]. The adenovirus-mediated expression of
human HGF increases the number of functional arterioles
and improves the growth of collateral artery [163].
Preclinical evaluation has shown that Ad-HGF is
effective in both acute and chronic myocardial ischaemia
models and no apparent toxicity and mutational effects
were observed in rats [24, 40, 42], minipigs [164] or pigs
[68, 163, 165]. An open-label, safety and tolerance trial of
Ad-HGEF in 18 patients suffering from coronary heart dis-
ease [166] showed no evidence of systemic or cardiac-
related adverse events after intramyocardial administration
of the Ad-HGF. These preliminary clinical data indicate
that direct intramyocardial administration of Ad-HGF is
well tolerated and could improve myocardial perfusion
with a dose—effect relationship, encouraging larger and
randomized efficacy trials. A phase I clinical trial demon-
strated that it is safe to use an adenovirus gene-transfer
vector to deliver the human HGF gene to individuals with
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 HGF/Met I

PI3K/Akt

PI3K/Akt axis inhibits Bad, a proapoptotic factor. Thus, activation of
Met downstream signalling protects cardiomyocytes from pro-
grammed cell death (green). The Ets transcription factor also acts
in the prevention of fibrosis by inducing extracellular matrix
remodelling through MMP1 and uPA (yellow). Proliferation and
recruitment of vascular progenitors are also promoted by Met
activation due to induction of VEGF and SDF-1, finally enhancing
angiogenesis (red). Activation of Met receptor in immune cells
reduces inflammation (blue). See text for more details. (——»
activation, ——] inhibition)

clinically significant coronary artery disease by direct in-
tracoronary injection [167]. In an another phase I clinical
trial, Morishita et al. [168] evaluated the safety and cura-
tive effect of HGF plasmid DNA in patients with critical
limb ischaemia. Intramuscular injection of naked HGF
plasmid did not cause any severe complications or adverse
effects, indicating that HGF gene transfer is feasible and
safe.

The clinical application of Ad-HGF is -currently
approved by the State Food and Drug Administration
(SFDA) of China (no. 2005L01181). However, a word of
caution concerning the clinical use of HGF seems appro-
priate considering its unexpected possible role in
atherogenesis [169].

The pros and cons of HGF in cardiac disease to date

Despite impressive data on the beneficial effects of HGF/
Met in cardiac disease, the meaning of elevated levels of
circulating HGF associated with an increased cardiovas-
cular mortality in human congestive heart failure is at least
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questionable [170, 171]. At first glance, these results may
appear to contradict a great deal of experimental data
which instead suggest a cardioprotective effect of HGF.
These results are very similar to those previously reported
for natriuretic peptides. They are known to play a benefi-
cial effect in patients with congestive heart failure, but
elevated concentrations are strong predictors of an adverse
outcome [172]. The higher angiogenic factor levels in
patients with systolic dysfunction may represent a com-
pensatory cardioprotection attempt and perhaps indicate an
endogenous protective system that could be improved in
view of important clinical benefits in patients with LV
dysfunction. Furthermore, alongside the recognized bene-
ficial effects on atherosclerosis, recent studies have
produced controversial data suggesting that HGF may itself
participate in pathological angiogenesis [173].

Finally, HGF has been identified as a potential index of
the severity of hypertension [174, 175]. Increased secretion
of HGF may be the physiological response counteracting
endothelial dysfunction. However, further studies are nee-
ded to determine the possible role of chronic HGF
stimulation in the pathogenesis of hypertension.

In conclusion, HGF is a cytokine that displays marked
antiapoptotic activity on damaged cardiomyocytes and
beneficial paracrine effects on interstitial cells, proangio-
genic on endothelial cells, antifibrotic on fibroblasts and
antiinflammatory on immune cells (Fig. 1). From the
clinical perspective, the therapeutic efficacy of HGF in MI
has only recently begun to be assessed. Moreover, new
results from stem cell studies have associated HGF with
cardiac muscle regeneration. These results make HGF a
potential and valuable candidate molecule for regenerative
medicine.
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