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Abstract
Communication between endothelial cells and cardiomyocytes regulates not only early cardiac
development but also adult cardiomyocyte function, including the contractile state. In the normal
mammalian myocardium, each cardiomyocyte is surrounded by an intricate network of capillaries
and is next to endothelial cells. Cardiomyocytes depend on endothelial cells not only for oxygenated
blood supply but also for local protective signals that promote cardiomyocyte organization and
survival. While endothelial cells direct cardiomyocytes, cardiomyocytes reciprocally secrete factors
that impact endothelial cell function. Understanding how endothelial cells communicate with
cardiomyocytes will be critical for cardiac regeneration, in which the ultimate goal is not simply to
improve systolic function transiently but to establish new myocardium that is both structurally and
functionally normal in the long term.

Keywords
cell-cell interaction; regeneration; endothelial cell; heart failure

INTRODUCTION
Modern vascular biology has dispensed with the notion that endothelial cells provide a mere
“passive lining” supportive role. We now recognize endothelial cells as dynamic regulators of
vascular tone and growth of nearby cells. In fact, endothelial cells can participate in the
development of many tissues, including the liver and pancreas (1). The myocardium is yet
another example of a tissue in which many functions and responses have a surprising
dependence on endothelial cells.

In the normal adult mammalian myocardium, there is at least one capillary next to every
cardiomyocyte (Figure 1). The mass of cardiomyocytes in a mammalian heart is approximately
25 times that of cardiac endothelial cells, although the smaller endothelial cells outnumber
cardiomyocytes by ∼3:1 (2). Because diffusion of a given factor is inversely proportional to
the square of distance the factor must travel, a minimal endothelial-cardiomyocyte cell-to-cell
distance is crucial for cardiomyocytes to obtain oxygen and nutrients. Cardiomyocytes are
typically ∼10-100 μm in size, and the intercapillary distance in mammalian myocardium is
∼15-50 μm (2,3). This intricate anatomical arrangement of cardiomyocytes within the capillary
network not only allows for physiological transport but also for local communication between
endothelial cells and cardiomyocytes.
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The ongoing molecular conversation between endothelial cells and cardiomyocytes is highly
relevant to the recent excitement in promoting cardiac regeneration. The ultimate goal of
myocardial regeneration is to rebuild a functional tissue that closely resembles mature
myocardium, not just to improve systolic function transiently. Thus, regenerating myocardium
will require rebuilding the vascular network along with the cardiomyocyte architecture. Here
we review evidence demonstrating crucial molecular interactions between endothelial cells
and cardiomyocytes. We first discuss endothelial-cardiomyocyte interactions during
embryonic cardiogenesis, followed with morphological and functional characteristics of
endothelial-cardiomyocyte interactions in mature myocardium. Finally, we consider strategies
exploiting endothelial-cardiomyocyte interplay for cardiac regeneration.

ENDOTHELIAL-CARDIOMYOCYTE INTERACTIONS IN CARDIAC
DEVELOPMENT

In mice, endoderm-derived growth factors from the primitive cardiac crescent (∼E7.5) govern
the formation of cardiac mesoderm, primary myocardium, and endocardium (4). Signals among
endocardial cells, myocardial cells, and neural crest-derived cells control the endocardial
endothelial cells undergoing the epithelial-to-mesenchymal transformation to form cardiac
cushions and subsequent cardiac septa, valves, and the outflow tract (∼E10.5-12.5) (5,6).
Endocardial and myocardial cells may arise from the same cardiac mesodermal precursors and
may thus share some of their specific lineage markers in early development (7). With formation
of the primitive cardiac tube (∼E8.5), endocardial and myocardial cells become separated by
a dense layer of extracellular matrix, the cardiac jelly (5,6). However, these two distinct cardiac
cell layers continuously and reciprocally communicate through paracrine signaling during
further development. The interdependence of endothelial and myocardial cells for cardiac
development has been demonstrated by cell-restricted gene inactivation experiments (Figure
2).

Signaling from Endothelial Cells to Cardiomyocytes in Development
NEUREGULIN-erbB—One well-characterized example of endothelial-cardiomyocyte
interactions during early cardiogenesis is the neuregulin-erbB signaling pathway. Neuregulins
are members of the epidermal growth factor family that are ligands for receptor tyrosine kinases
of the erbB family. There are four neuregulins: neuregulin-1, -2, -3, and -4. During early
cardiogenesis, endocardial endothelial cells produce neuregulin-1, and primary
cardiomyocytes express the receptors erbB2 and erbB4. Paracrine signaling of the neuregulin-
erbB2/4 system from endocardium to myocardium is essential for the formation of myocardial
trabeculae and cardiac cushions (8). Mice lacking neuregulin or its receptors, erbB2 or erbB4,
die in mid-embryogenesis because they lack myocardial trabeculae (9-11). Although the
process of trabeculation is not well understood at the molecular level, cardiomyocyte
proliferation and maturation are required. Neuregulin-1 can promote the proliferation, survival,
and hypertrophic growth of cultured neonatal cardiomyocytes (12), and this may explain why
this growth factor is essential for normal trabeculation.

NEUROFIBROMATOSIS TYPE 1—Another factor that can mediate endothelial-
cardiomyocyte interactions during early cardiac development is neurofibromatosis type 1
(NF1). NF1 is a tumor-suppressor gene that downregulates Ras activity, and mutations in
NF1 in humans may cause cardiovascular defects (13). In mice, conditional inactivation of
NF1 in endothelial cells using the Cre-lox system causes cardiac developmental defects in the
myocardium and endocardial cushions (14). In addition to causing myocardial thinning,
endothelial-specific inactivation of NF1 leads to enlarged endocardial cushions, ventricular
septal defects, and double-outlet right ventricle. Similar defects are present in Nf1-/- mice, but
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not in mice with cardiomyocyte-specific NF1 inactivation (14), demonstrating that NF1
signaling from endothelial cells causes defects in myocardial development.

PLATELET-DERIVED GROWTH FACTOR-B—Platelet-derived growth factor (PDGF)-
B and PDGF receptor-β are essential for mammalian cardiovascular development (15). During
vasculogenesis, endothelial-derived PDGF-B recruits nearby pericytes to the nascent vascular
structure (15); similarly, endothelial-derived PDGF-B may provide key signals to
cardiomyocytes during development. Complete deletion of PDGF-B is lethal, whereas
endothelial-restricted deletion of PDGF-B causes defects in the developing myocardium as
well as vascular and glomerular abnormalities (16). Such cardiac defects include thinned
myocardium, chamber dilation, hypertrabeculation, and septal abnormalities. Interestingly,
thinning of the myocardium is no longer apparent at one month postnatally with endothelial-
restricted deletion of PDGF-B. The Cre-lox endothelial-specific ablation method is only
60-90% efficient, which suggests either that postnatal PDGF-B from the minority of cells that
did not delete the PDGF-B gene is sufficient to allow cardiomyocyte growth to compensate
postnatally or that other growth factors drive this compensation (16).

Signaling from Cardiomyocytes to Endothelial Cells in Development
The examples of neuregulin-1, NF1, and PDGF-B demonstrate that signals from endothelial
cells regulate the formation of primary myocardium. Similarly, signaling from myocardial cells
to endothelial cells is also required for cardiac development. Two examples of myocardial-to-
endothelial signaling are vascular endothelial growth factor (VEGF)-A and angiopoietin-1.

VASCULAR ENDOTHELIAL GROWTH FACTOR-A—VEGF-A is a key regulator of
angiogenesis during embryogenesis. In mice, a mutation in VEGF-A causes endocardial
detachment from an underdeveloped myocardium (17). A mutation in VEGF receptor-2 (or
Flk-1) also results in failure of the endocardium and myocardium to develop (18). Furthermore,
cardiomyocyte-specific deletion of VEGF-A results in defects in vasculogenesis/angiogenesis
and a thinned ventricular wall (19), further confirming reciprocal signaling from the myocardial
cell to the endothelial cell during cardiac development. Interestingly, this cardiomyocyte-
selective VEGF-A-deletion mouse has underdeveloped myocardial microvasculature but
preserved coronary artery structure, implying a different signaling mechanism for
vasculogenesis/angiogenesis in the myocardium and in the epicardial coronary arteries.

Cardiomyocyte-derived VEGF-A also inhibits cardiac endocardial-to-mesenchymal
transformation. This process is essential in the formation of the cardiac cushions and requires
delicate control of VEGF-A concentration (20-22). A minimal amount of VEGF initiates
endocardial-to-mesenchymal transformation, whereas higher doses of VEGF-A terminate this
transformation (23). Interestingly, this cardiomyocyte-derived VEGF-A signaling for
endocardial-to-mesenchymal transformation may be controlled by an endothelial-derived
feedback mechanism through the calcineurin/NFAT pathway (24), demonstrating the
importance of endothelial-cardiomyocyte interactions for cardiac morphogenesis.

ANGIOPOIETIN-1—Another mechanism of cardiomyocyte control of endothelial cells
during cardiac development is the angiopoietin-Tie-2 system. Both angiopoietin-1 and
angiopoietin-2 may bind to Tie-2 receptors in a competitive manner, but with opposite effects:
Angiopoietin-1 activates the Tie-2 receptor and prevents vascular edema, whereas
angiopoietin-2 blocks Tie-2 phosphorylation and increases vascular permeability. During
angiogenesis/vasculogenesis, angiopoietin-1 is produced primarily by pericytes, and Tie-2
receptors are expressed on endothelial cells. Angiopoietin-1 regulates the stabilization and
maturation of neovasculature; genetic deletion of angiopoietin-1 or Tie-2 causes a defect in
early vasculogenesis/angiogenesis and is lethal (25,26). Because in the early embryo the
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cardiac endocardium is one of the earliest vascular components (along with the dorsal aorta
and yolk sac vessels) and the adult heart can be regarded as a fully vascularized organ,
angiopoietin-Tie-2 signaling may also be required for early cardiac development. Indeed, mice
with mutations in Tie-2 have underdeveloped endocardium and myocardium (27). These Tie-2
knockout mice display defects in the endocardium but have normal vascular morphology at
E10.5, suggesting that the endocardial defect is the fundamental cause of death. In addition, a
recent study showed that overexpression, and not deletion, of angiopoietin-1 from
cardiomyocytes caused embryonic death between E12.5-15.5 due to cardiac hemorrhage
(28). The mice had defects in the endocardium and myocardium and lack of coronary arteries,
suggesting that, as with VEGF-A, a delicate control of angiopoietin-1 concentration is critical
for early heart development.

ENDOTHELIAL-CARDIOMYOCYTE INTERACTIONS IN NORMAL CARDIAC
FUNCTION
Cardiac Endothelial Cells Regulate Cardiomyocyte Contraction

The vascular endothelium senses the shear stress of flowing blood and regulates vascular
smooth muscle contraction. It is therefore not surprising that cardiac endothelial cells—the
endocardial endothelial cells as well as the endothelial cells of intramyocardial capillaries—
regulate the contractile state of cardiomyocytes. Autocrine and paracrine signaling molecules
released or activated by cardiac endothelial cells are responsible for this contractile response
(Figure 2).

NITRIC OXIDE—Three different nitric oxide synthase isoenzymes synthesize nitric oxide
(NO) from L-arginine. The neuronal and endothelial NO synthases (nNOS and eNOS,
respectively) are expressed in normal physiological conditions, whereas the inducible NO
synthase is induced by stress or cytokines. Like NO in the vessel, which causes relaxation of
vascular smooth muscle, NO in the heart affects the onset of ventricular relaxation, which
allows for a precise optimization of pump function beat by beat. Although NO is principally a
paracrine effector secreted by cardiac endothelial cells, cardiomyocytes also express both
nNOS and eNOS. Endothelial expression of eNOS exceeds that in cardiomyocytes by greater
than 4:1 (29). Cardiomyocyte autocrine eNOS signaling can regulate β-adrenergic and
muscarinic control of contractile state (30).

Barouch et al. (31) demonstrated that cardiomyocyte nNOS and eNOS may have opposing
effects on cardiac structure and function. Using mice with nNOS or eNOS deficiency, they
found that nNOS and eNOS have not only different localization in cardiomyocytes but also
opposite effects on cardiomyocyte contractility; eNOS localizes to caveolae and inhibits L-type
Ca2+ channels, leading to negative inotropy, whereas nNOS is targeted to the sarcoplasmic
reticulum and facilitates Ca2+ release and thus positive inotropy (31). These results demonstrate
that spatial confinement of different NO synthase isoforms contribute independently to the
maintenance of cardiomyocyte structure and phenotype.

As indicated above, mutation of neuregulin or either of two of its cognate receptors, erbB2 and
erbB4, causes embryonic death during mid-embryogenesis due to aborted development of
myocardial trabeculation (9-11). Neuregulin also appears to play a role in fully developed
myocardium. In adult mice, cardiomyocyte-specific deletion of erbB2 leads to dilated
cardiomyopathy (32,33). Neuregulin from endothelial cells may induce a negative inotropic
effect in isolated rabbit papillary muscles (34). This suggests that, along with NO, the
neuregulin signaling pathway acts as an endothelial-derived regulator of cardiac inotropism.
In fact, the negative inotropic effect of neuregulin may require NO synthase because L-NMMA,
an inhibitor of NO synthase, significantly attenuates the negative inotropy of neuregulin (34).
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ENDOTHELIN-1—Endothelin (ET)-1 is a 21-amino acid peptide produced and released by
the endothelial cells with a direct vasoconstrictive effect. In the myocardium, endothelin-1 may
act in both autocrine and paracrine manners; it binds to ETB receptors on cardiac endothelial
cells and ETA receptors on cardiomyocytes. When endothelin-1 binds to ETB receptors, it
results in the release of other signaling molecules (NO and prostaglandin I2) rather than
vasoconstriction. By contrast, when binding to the ETA receptors on cardiomyocytes,
endothelin-1 causes cardiomyocyte constriction, as observed when vascular smooth muscle
cells are treated with endothelin-1 (35). These results imply that there may be a feedback
mechanism between cardiac endothelial cells and cardiomyocytes for control of cardiomyocyte
constriction through the endothelin-1 system.

There is now considerable evidence showing a role of the endothelin-1 system in the
pathogenesis and progression of heart failure. Patients with heart failure exhibit increased
plasma endothelin-1 levels and expression of myocardial endothelin receptors, and the extent
of the increases correlate with disease severity (36). Indeed, it has been hypothesized that
endothelin receptor antagonists may be a therapeutic approach for heart failure. In a double-
blinded study, darusentan, an ETA-receptor antagonist, improved cardiac index in patients with
heart failure (37). However, in other clinical trials endothelin antagonists resulted in no benefit
to or worsening of patient condition (38,39).

ENDOTHELIAL-CARDIOMYOCYTE INTERACTIONS AND REGENERATION
Regeneration Occurs in Myocardium But Is Inadequate for Functional Improvement

In some nonmammalian higher organisms like amphibians and zebrafish, regeneration of the
myocardium occurs after experimental myocardial injury (40,41). In humans, however,
cardiomyocytes that die following ischemia are not adequately replaced, resulting in loss of
ventricular function (42). Recent evidence indicates that the adult heart is capable of some
limited regeneration (43) and that adult mouse cardiomyocytes may be able to proliferate under
specific conditions (44). The origins of regenerating cardiomyocytes are controversial. Studies
have shown the presence of Y chromosome-positive bone marrow-derived cardiomyocytes in
adult female hearts (45), indicating the possibility that bone marrow-derived precursors
differentiate into cardiomyocytes or fuse with existing cardiomyocytes. Other studies suggest
that resident cardiac stem cells are the source of regenerating myocardium (43,46-48).

In part owing to the lack of understanding of how myocardium regenerates, many different
cell types have been injected or infused into injured myocardium in an attempt to stimulate
myocardial regeneration. Surprisingly, several different cell types have demonstrated the
potential for benefit, including skeletal myoblasts, adult and neonatal cardiomyocytes, bone
marrow stem cells, and embryonic stem cells (49). In some circumstances, there is poor survival
of injected cells or incomplete differentiation of the implanted cells, and in others, lack of
integration into the host myocardium (50). Bone marrow-derived progenitor cells have been
shown to assist in vascularization of the myocardium following infarction and to improve
cardiomyocyte survival (51,52), although their capacity to transdifferentiate into
cardiomyocytes is probably very limited (53).

Why does experimental cell therapy appear to benefit left ventricular function, even though
most cells do not survive and even fewer appear to integrate functionally into the myocardium?
There are many potential explanations (Figure 3), but one plausible theory is that injected cells
stimulate angiogenesis, either as living cells or as they die. As discussed further below,
endothelial cells can promote the survival of cardiomyocytes. Many types of injected cells,
including endothelial progenitor cells, are rich sources of angiogenic factors (54). The potential
for cell therapy to be an expensive method of introducing angiogenic factors suggests that
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similar benefits may be derived from injection of individual angiogenic factors alone, although
the success of this approach to date has been limited (55).

Endothelial Cells Promote Cardiomyocyte Survival
The theory that angiogenic stimulation can improve systolic function is supported by recent
studies demonstrating that endothelial cells can promote cardiomyocyte survival. Kuramochi
et al. (56) tested the hypothesis that reactive oxygen species regulate neuregulin-erbB signaling.
They found that neuregulin is a prosurvival factor for cardiomyocytes via the
phosphatidylinositol-3-kinase-Akt pathway. Cardiac microvascular endothelial cells express
neuregulin, and recombinant neuregulin-1β protects cardiomyocytes against anthracycline-,
β-adrenergic receptor-, and H2O2-induced cardiomyocyte death (56-58). H2O2 induces
neuregulin-1β release from endothelial cells in a concentration-dependent manner and
conditioned medium from the cells activates erbB4 signaling in cardiomyocytes via paracrine
mechanisms (56). Cocultured cardiac endothelial cells protect H2O2-induced cardiomyocyte
apoptosis through neuregulin-erbB4 signaling.

Cardiomyocytes are also protected from apoptosis by endothelial cells in three-dimensional
culture (59). In this setting, there is no blood flow to consider, and the effects of endothelial
cells are thus due to secreted factors or to cell-cell contact. Preliminary data from our laboratory
suggest that endothelial cells, when in contact with cardiomyocytes, secrete PDGF-B, which
protects cardiomyocytes through phosphatidylinositol-3-kinase-Akt signaling (P.C.H. Hsieh,
unpublished data). Interestingly, PDGF mediates cardiac microvascular endothelial cell
hemostatic and angiogenic activity (60), and injection of PDGF may decrease the extent of
myocardial infarction after coronary occlusion in young, but not in old, rat hearts (61,62).

In addition to neuregulin and PDGF-B, another candidate endothelial protein mediating
cardiomyocyte survival is angiopoietin-1. As described above, mice with genetic deletion of
angiopoietin-1 die during development because of cardiac defects (26). These defects are
thought to be due to impairment in endothelial functions such as vascular maturation and
endocardial formation. Angiopoietin-1 not only promotes endothelial cell survival but can also
improve cell survival in skeletal myocytes and cardiomyocytes (63). Furthermore, adenoviral
overexpression of angiopoetin-1 reduces infarct size in experimental myocardial infarction
(64).

Endothelial Cells Guide Cardiomyocyte Organization
During vasculogenesis, endothelial cells recruit mural cells to the outside of the growing tube,
where they adhere and differentiate to form the media of the new vessel. Endothelial cells can
also recruit cardiomyocytes in a similar fashion. When cultured in a three-dimensional scaffold,
endothelial cells form typical vascular networks with capillary-like tubes, whereas primary
cardiomyocytes form small islands of cells that die. When endothelial cells and cardiomyocytes
are cultured together, however, the endothelial cells form tube-like structures and the
cardiomyocytes position themselves on the outside of these tubes (59). These data suggest that
an endothelial factor directs the assembly of cardiomyocytes on the capillary-like endothelial
tube. Furthermore, endothelial cells promote the synthesis of Connexin43, a principal gap
junction protein of cardiomyocytes. In the presence of endothelial cells, cardiomyocyte
contraction is more coordinated, suggesting that the physiological coupling of cardiomyocytes
is, in part, endothelial dependent. These data raise the intriguing hypothesis that achieving
proper capillarycardiomyocyte architecture in cardiac repair may provide electrical stability in
addition to mechanical functional improvement.
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Endothelial Cells Transdifferentiatate into Cardiomyocytes
Whereas endothelial cells may direct differentiation, survival, and organization of
cardiomyocytes, some endothelial progenitor cells may have the capacity to transdifferentiate
into cardiomyocytes. Condorelli et al. (65) reported that various types of endothelial cells are
capable of expressing putative cardiomyocyte markers when cultured with cardiomyocytes.
Surprisingly, this transdifferentiation may occur in both adult committed endothelial cells from
different tissues as well as in putative endothelial progenitor cells (65-67). Transdifferentiation
may require direct cell-cell contact between the endothelial progenitor cell and the
cardiomyocyte (66,68). Because in vivo studies suggest that transdifferentiation into
cardiomyocytes is very rare (53), many experimental studies may show transdifferentiation
because of cell fusion, which can explain the apparent phenotypic change. Indeed, injection of
bone marrow-derived cells into the myocardium can cause fusion with cardiomyocytes without
transdifferentiation into cardiomyocytes (69). Interestingly, fused cardiomyocytes express
cardiac troponin-I and intercalate with neighboring cardiomyocytes with mature gap junction
formation, implying a true potential mechanism for cardiac regeneration. Moreover, a recent
study showed that endothelial and endothelial progenitor cells can fuse with cardiomyocytes
in vitro and in vivo (70). The endothelial-cardiomyocyte fused cells express predominantly
cardiomyocyte markers and, surprisingly, also express Ki67, phosphohistone H3, and cyclinB1
and reenter the G2/M cell cycle. Although direct cardiomyocyte division was not observed
after fusion, this study suggests that augmented cell fusion with endothelial cells may rescue
injured cardiomyocytes.

Clinical Approaches Using Endothelial Cells for Cardiac Regeneration
To date, most studies using endothelial cells have aimed to enhance the endogenous postinfarct
angiogenic response with growth factors or to improve angiogenesis with endothelial
progenitor cell therapy. It is worth noting that injured myocardium is itself angiogenic initially
and that native cardiomyocytes respond to hypoxia and other stress signals with the release of
angiogenic factors, including VEGF (71). In humans, angiogenic factors are increased in the
plasma and the myocardium after acute myocardial ischemia and infarction (72,73). Thus, with
therapeutic angiogenesis it generally is assumed that increasing angiogenic stimuli beyond the
normal response to injury is beneficial. This is not always a good assumption, however, because
excessive delivery of angiogenic factors can lead to aberrant vasculature and hemangiomas
(74).

Ex vivo-expanded endothelial progenitor cells have shown promise in animal studies,
improving cardiac function following myocardial infarction (51,75,76). This has led to several
clinical trials including the TOPCARE-AMI (77) and MAGIC (78) trials. These studies used
either endothelial progenitors or peripheral blood mononuclear cells for repair of the damaged
myocardium (TOPCARE-AMI) or the progenitor-mobilizing factor granulocyte colony-
stimulating factor (in MAGIC). The use of granulocyte colony-stimulating factor was
associated with early restenosis within stented coronary arteries, suggesting that systemic
mobilization of endothelial precursors may have adverse effects. It is far too early to draw
conclusions from myocardial angiogenesis and endothelial cell therapy trials. It is possible that
early attempts to overdrive angiogenesis will fail, whereas carefully timed delivery of
angiogenic factors or endothelial precursors can successfully protect cardiomyocytes or even
promote regeneration and functional integration of new cardiomyocytes. Future studies that
define precisely how endothelial cells protect and stimulate cardiomyocytes may allow simple
and practical ways to prevent heart failure.
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CONCLUSIONS
Studies to date indicate that cardiac regeneration in mammals may be feasible, but the response
is inadequate to preserve myocardial function after a substantial injury. Thus, understanding
how normal myocardial structure can be regenerated in adult hearts is essential. It is clear that
endothelial cells play a role in cardiac morphogenesis and most likely also in survival and
function of mature cardiomyocytes. Initial attempts to promote angiogenesis in myocardium
were based on the premise that persistent ischemia could be alleviated. However, it is also
possible that endothelial-cardiomyocyte interactions are essential in normal cardiomyocyte
function and for protection from injury. Understanding the molecular and cellular mechanisms
controlling these cell-cell interactions will not only enhance our understanding of the
establishment of vascular network in the heart but also allow the development of new targeted
therapies for cardiac regeneration by improving cardiomyocyte survival and maturation.
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Figure 1.
Endothelial-cardiomyocyte assembly in adult mouse myocardium. Normal adult mouse
myocardium is stained with intravital perfusion techniques to demonstrate cardiomyocyte
(outlined in red) and capillary (green; stained with isolectin-fluorescein) assembly. Nuclei are
blue (Hoechst). Original magnification: 600X.
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Figure 2.
Endothelial-cardiomyocyte interactions through autocrine and paracrine signaling. Endothelial
cells may secret signaling mediators modulating cardiomyocyte development (neuregulin,
PDGF-B, and NF1), survival (neuregulin and PDGF-B), and contraction (NO and ET-1).
Reciprocally, cardiomyocytes may also promote endothelial cell survival and assembly
through VEGF-A and angiopoietin-1. Even more complicated is combined autocrine and
paracrine signaling between endothelial cells and cardiomyocytes through ET-1 and
angiopoietin-1. PDGF-B, platelet-derived growth factor-B; PDGFR-β, PDGF receptor-β; NF1,
neurofibromatosis type 1; NO, nitric oxide; ET-1, endothelin-1; VEGF-A, vascular endothelial
growth factor-A.
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Figure 3.
Mechanisms of myocardial regeneration through endothelial and endothelial progenitor cell
therapies. After injury to a site, cardiomyocytes undergo apoptosis and necrosis and release
cytokines and chemoattractants to recruit endothelial cells (EC) and endothelial progenitor
cells (EPC) to the site. EC/EPC are activated and may promote myocardial regeneration
through different mechanisms, including (a) releasing cardiomyocyte survival factors to
protect fragile cardiomyocytes, (b) promoting differentiation of resident cardiac stem cells or
progenitors for population into the injured area, (c) undergoing transdifferentiation into
cardiomyocytes to replace dead cells, and (d) fusing with cardiomyocytes to facilitate cell
proliferation for repair.
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