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Abstract
The process of angiogenesis involves a complex 

sequence of stimuli and integrated responses, such as 
stimulation of endothelial cells (ECs) for their proliferation 
and migration, stimulation of the extracellular matrix 
(ECM) for the attraction of pericytes and macrophages, 
stimulation of smooth muscle cells for their proliferation 
and migration, and formation of new vascular structures.

Angiogenesis is mainly an adaptive response to tissue 
hypoxia and depends on the accumulation of the hypoxia-
inducible factor (HIF-1α) in the ischemic myocardial 
area, which increases the transcription of the vascular 
endothelial growth factor (VEGF) and its receptors VEGF-R 
by the ECs undergoing ischemia.

Those steps involve enzymatic mechanisms and 
plasminogen activator proteases, metalloproteinases 
(MMP) of the ECM, and kinases that cause proteolytic 
molecular degradation of the ECM and activation and 
release of growth factors, such as: basic fibroblast growth 
factor (bFGF), VEGF, and insulin growth factor-1 (IGF-1). 
In the intermediate phase, stabilization of the immature 
neovascular sprout occurs. The final phase is characterized 
by vascular maturation of the physiological angiogenesis.

 In conclusion, coronary angiogenesis in adults is 
fundamentally a paracrine response of the preexisting 
capillary network under pathophysiological condition of 
ischemia and inflammation.

Introduction
This review article approaches endogenous myocardial 

angiogenesis in the adult considering a unified view of 
several molecular mechanisms. Such view is based on 
the “dynamic” interpretation of Folkman’s definition: 

“Angiogenesis is the generation and expansion of blood 
vessels from a preexisting vascular network under 
endogenous or exogenous stimuli”1. In the adult, 
angiogenesis is mainly an adaptive response to tissue 
hypoxia and occurs in a wide variety of situations, ranging 
from embryonic development to tumor growth2. 

Mediating the cascade of cell and molecular events 
is the activation of the hypoxia-inducible factor (HIF-1), 
which increases the transcription of vascular endothelial 
growth factors (VEGF) and their receptors (VEGF-R) by 
endothelial cells (ECs) undergoing ischemia3. 

The preexisting capillary network is believed to be 
the common site of beginning in the development and 
generation of new capillaries, mediated by different signal 
systems that trigger the production of growth factors and 
that induce the proliferation of endothelial cells. Folkman’s 
definition of angiogenesis is based on solid anatomical and 
morphometric elements.

The normal capillary/myocardial fiber ratio in the adult 
heart is 1:1, meaning one capillary to one myocardial 
fiber. The maximum diameter of new vessels identified 
in the angiogenesis process is 200-μm4. If there is no 
epicardial coronary circulation to feed that collateral 
circulation with adequate blood flow, gradual regression 
of the angiogenesis process is likely to occur. Myocardial 
fibers have diameters and lengths ranging from 10 to 25 
μm and 50 to 100 μm, respectively, and uniform capillary 
distribution in the left ventricular wall from 3,000 to 
4,000/cm2 5. 

Thus, that definition has strong morphometric support, 
meaning that, in the normal adult heart at rest, a source of 
nutrients has to exist to maintain cell life. In other words, 
circulating endothelial progenitor cells (cEPCs) require 
preexisting coronary circulation to get to the site where 
myocardial ischemia occurs.

Analyzing the second component of Folkman’s 
definit ion, “[. . . ]  under endogenous or exogenous 
st imuli. . .”, i t  clearly encompassed the two major 
mechanisms of the angiogenesis process: the endogenous, 
which comprises the physiological and pathological 
processes; and the exogenous, which is the cardiovascular 
angiogenic therapy as an exogenous angiogenesis-
inducing form. This review was aimed at assessing the 
mechanisms of endogenous angiogenesis in physiological 
processes.
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I. Regulation Phases of the Endogenous 
Myocardial-Angiogenesis-Inducing 
Mechanisms in the Adult:

1. Initial phase: myocardial ischemia as the initial stimulus
Angiogenesis is mainly an adaptive response to tissue 

hypoxia and depends on the accumulation of HIF-1α, which, 
under tissue hypoxia conditions, activates the expression of 
growth factors and initiates the process of angiogenesis in 
the ischemic zone from the preexisting coronary network6. 
In addition, the attraction and recruitment of cEPCs and 
macrophages activate, in the paracrine form, angiogenesis 
in the area7. The VEGF-A expression indicates recruitment of 
myeloid progenitors in the ischemic myocardium, while the 
perivascular cells of angiogenesis are mediated by stromal-
cell-derived factors (SDF)-1 (Figure 1)8. 

In ischemic heart disease, both HIF-1α and VEGF-A are 
present in the atherosclerotic plaque, suggesting that HIF, 
through angiogenic signaling, is directly involved in the 
atherosclerotic plaque growth9. 

Severe myocardial ischemia leads to accumulation of HIF-1 
and the expression of factors that stimulate angiogenic sprouts 
in the proximities of blood vessels in the ischemic myocardium. 
It is worth noting that severe and persistent ischemia causes 

apoptosis of the ECs and myocardial fibers. In addition, 
myeloid and endothelial bone-marrow-derived progenitors 
are also recruited to actively support angiogenesis10. 

In the myocardium, HIF-1α is clearly important for 
angiogenesis. However, little is known about HIF-2α. 
Cardiomyocytes deprived from specific HIF-1α led to a 
reduction in vascularization, alterations in the energetic 
metabolism, and abnormality in the contractile function. On 
the other hand, overexpression of the HIF-1α/VP16 fusion 
protein (fusion protein containing HIF-1α and herpes virus 
VP16 sequences) could promote angiogenesis and reduce the 
size of the infarction in a rat experimental model. Similarly to 
that which occurs in other hypoxic tissues, HIF-1α is essential 
to increase the concentration of EC precursors in the bone 
marrow. Even a partial deficiency of HIF-1α, due to aging, is 
associated with a significant reduction in the concentration 
of those cells and with poor vascularization in the ischemic 
muscle11. 

Hypoxemia also regulates the VEGF production and 
expression, because of the increase in HIF-1 transcription and 
in mRNA region-3-dependent VEGF stability11. 

The molecular mechanism starting angiogenesis can be 
triggered by deprivation of oxygen and nutrients, such as 
glucose, which regulate gene expression. In addition, 
hypoxia regulates TIE-2 receptors, modulators of the VEGF 

Figure 1 – Illustration of the determinant molecular and pathophysiological mechanisms of myocardial angiogenesis secondary to ischemia.
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activity, leading ECs to proliferate through the mechanisms 
of sprouting or division. According to the signal pattern of 
VEGF and TIE-2, angiogenesis can be induced by sprouts 
or intussusception12. An important fact regarding the 
therapeutic application of VEGF is that ischemia stimulates 
its expression and that of its receptors13. (Figure 1)

1.1. Mechanism of angiogenesis through the attraction of 
circulating stem cells during myocardial acute infarction

During myocardial ischemia, the increase in expression 
and stabilization of HIF-1 transcription promotes local 
production and release of SDF-1 and VEGF-A by ischemic 
ECs14. Circulating HIF regulates several genes of angiogenesis, 
and VEGF induction is probably the most remarkable. HIF 
increases the local VEGF concentration in up to 30 times in a 
few minutes. VEGF stimulates  physiological and pathological 
angiogenesis in a strict dose-dependent response6. Those 
mediators can increase the mobilization and recruitment of 
cEPCs in the ischemic area15. 

The increase in the SDF-1 expression is essential to 
regulate the selective attraction, migration and retention, 
in the ischemic myocardium, of cEPCs or ECs with the 
surface chemokine receptor type 4, CXC-R416. This means 
that the HIF-1 pathway is the unifying mechanism of the 
angiogenesis signaling system in the context of acute 
myocardial infarction (Figure 1).

Those cEPCs, similarly to that which occurs with bone 
marrow mesenchymal cells and others, are mobilized, 
attracted and redirected from the peripheral circulation to 
myocardial ischemic areas17. 

There is evidence that SDF-1 along with signal receptor 
CXC-R4+ play an important role in the recruitment of 
circulating bone marrow cells in the context of severe 
myocardial ischemia. That signal is essential for the 
recruitment of stem cells in the heart. CXC-R4+ is a cell-
surface receptor of SDF-1, expressed on cEPCs and on 
circulating hematopoeitic stem-cells18. 

Circulating endothelial progenitor cells play an important 
role in endothelial vascular wall maintenance, aiding in 
reendothelialization (physiological change in ECs) and 
angiogenesis19. 

However, endogenous SDF-1 levels decrease after an 
AMI, returning to normal four to seven days after the AMI20. 

Circulating bone marrow-derived mesenchymal 
cells constitute a bridge to the interior of the ischemic 
myocardium, expressed by SDF-1, which can be a 
facilitating signal to the migration of circulating and bone 
marrow cells17. 

Endothelial precursors were believed to exist only 
during embryonic life. Currently, precursors are known to 
exist in the bone marrow and peripheral vessels in adults. 
Some growth factors, such as the granulocyte colony 
stimulating factor (GCSF), basic fibroblast growth factor 
(bFGF), and insulin growth factor 1 (IGF-1), stimulate their 
differentiation and mobilization21. Those endothelial cell 
precursors colonize new areas of angiogenic sprouts in 
adults, and, in the future, can be therapeutic targets.

Rehman et al22 have questioned the origin of those cEPCs 
and their true incorporation into the wall of growing vessels. 
Those authors have reported that most cEPCs derive from 
monocytes/macrophages, with only a small population of 
CD-34+ stem cells/hematopoeitic progenitor cells originating 
from stem cells/angioblasts. Those monocytes/macrophages 
secret multiple angiogenic growth factors, which promote, 
with their paracrine stimulation, neovascular growth22. 

The concept of cEPCs is very attractive; however, more 
than one decade after their discovery, specific markers 
for cEPCs still lack, and the results of the clinical trials are 
still controversial. A recent study has shown, by use of a 
proteomic approach, that cells with a cEPC phenotype could 
be circulating mononuclear cells with the incorporation of 
platelet microparticles23. 

Schmeisser et al24 have shown that CD-34+ monocytes 
can develop in vitro an endothelial phenotype and acquire 
a tubular form, suggesting a potential role of monocytes in 
angiogenesis24. 

Finally, Ziegelhoeffer et al25 have reported that, in an 
adult organism, bone marrow-derived stem cells do not 
promote vascular growth through their incorporation into 
vascular walls, but rather through multiple paracrine effects 
of angiogenic cytokines25. 

Briefly: angiogenesis is a physiological mechanism 
organized under strict regulation, with several factors 
influencing the active process at molecular level, including 
several soluble polypeptides, such as VEGF, angiopoietin 
(Ang), FGF, platelet-derived growth factor (PDGF), 
transforming growth factor β (TGF-β), tumor necrosis factor 
(TNF)-α, and GCSF26. 

1.2. Mechanism of endogenous angiogenesis through 
resident cardiac stem cell activation  

The true role of the mechanism of endogenous 
angiogenesis through resident cardiac stem cell activation 
and of the quantification of its angiogenic effect is uncertain. 
Resident cardiac stem cells were able to differentiate into 
cardiomyocytes, endothelial cells, and smooth muscle 
cells27. Those resident cardiac stem cells express receptors 
for hepatocyte growth factor (HGF) and for IGF-1, which can 
lead to the recruitment and proliferation of ECs and restore 
some functions of the ischemically injured heart, similarly to 
that which occurs with circulating mesenchymal cells, which 
can secret HGF and IGF-1 in response to injury28. 

1.3. Proliferation of endothelial cells as the common 
final response to myocardial ischemia: generation of the 
angiogenic vascular sprout

In adults, that process is mainly due to hypoxemia and 
mediated by the activation of HIF-1α, that increases the 
transcription of VEGF and its receptors, VEGFRs2. 

The VEGF stimulates physiological and pathological 
angiogenesis on a strict dose-dependent relation29. The 
VEGF is a protein with the specific characteristic of 
stimulating the replication of vascular endothelial cells, 
essential to angiogenesis30. The VEGF-A binds to two 
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tyrosine-kinase receptors (RTKs), VEGFR-1 (Flt-1) and 
VEGFR-2 (KDR, Flk-1). The Flt-1 tyrosine-kinase receptors 
(VEGFR-1) are the second highest-affinity receptors for 
VEGF. Although not so specific, Flk-1 receptors do not 
have an affinity with cells of the inflammatory system, such 
as monocytes or cancer cells, unlike the Flt-1 receptor. 
A recent and elegant study of the Leuven University has 
made an important discovery with therapeutic implications 
for the future, which is the relative specificity of VEGF-B 
regarding its angiogenic activity in ischemic myocardial 
tissue31. 

Regarding the mechanism of angiogenesis, because of 
the vascular growth in the form of a vascular sprout, the 
following steps could be determined:

a)	 initial vasodilation, a process that involves nitric 
oxide and VEGF32; 

b)	 increased vascular permeability in response to 
VEGF, such as plasma protein extravasation, which functions 
as a support for EC migration. The increase in permeability is 
produced by the formation of organo-vesicular fenestrations 
and redistribution of platelet endothelial cell adhesion 
molecules (PECAMs)33; 

c) proteolytic degradation of the extracellular matrix 
(ECM): proteinases expose proteins of the degraded ECM, 
such as collagen IV and fibrillar collagen monomer, which 
induce migration of ECs and smooth muscle cells (SMCs)34. 

The three steps described involve enzyme mechanisms 
that include Ang-2, a TIE-2 inhibitor35, plasminogen 
activator proteases, matrix metalloproteinases (MMP), and 
kinases or heparinase family.

All proteases influence angiogenesis through proteolytic 
molecular degradation of the ECM and activation and 
release of growth factors, such as bFGF, VEGF, and IGF1, 
sequestered in the ECM (box 8 of Figure 2)36. In addition, 
proteolytic action is also present in the transforming growth 
factor (TGF) and proteolytic activation of angiogenic 
chemokines, such as IL-1. During vascular remodeling 
through sprouting, proteolytic degradation occurs, involving 
plasminogen activators, such as urokinase plasminogen 
activator (UPA) and its inhibitor PAI-1, MMPs, and inhibitors 
of tissue MMPs (TIMPs), heparinases, kinases, tyrosinases, 
and cadherins37. 

Analyzing the critical role of the ECM proteolytic 
degradation in the growth and maintenance of the 
angiogenic sprout, the time limits of that process should be 
considered. In addition, the process should be balanced, 
because insufficient degradation prevents vascular cells 
from leaving their original positions. On the other hand, 
excessive degradation hinders the support and orientation 
for EC migration, and, consequently, also angiogenesis38. 

In the angiogenesis process, the ECM proteolytic 
degradation is followed by fragmentation of the basal 

Figure 2 – Formation of the primary vascular plexus of the mesoderm, during the embryonic phase. Hemangioblasts and the bipotentiality of their precursors represent 
the intermediate step of endothelial precursors (angioblasts); in the embryonic phase, they form the primitive vascular network called vasculogenesis, and, in adult life, 
they expand and remodel, leading to angiogenesis (Boxes 3 and 4). EC: endothelial cells. Box 5 shows the stabilization phase, represented by endothelial cell binding 
under the action of VEGF and PDGF-β, which recruit pericytes and smooth muscle cells, covering endothelial cells during vessel stabilization. Angiopoietin-1 (Ang-1) and 
TGF-β1 stabilize the emerging vessel. Ang-2, in the absence of growth factors, causes regression of the emerging sprout. Box 6 illustrates intussusceptive and sprouting 
angiogenesis. Boxes 7 and 8 illustrate the remodeling and maturation phases of the emerging vessel. SMC: smooth muscle cells; PCT: pericytes. Binding of VEGF and 
endothelial cells, PDGF-β recruits pericytes. Adapted from Carmeliet.
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membrane, and then by chemotactic migration of the ECs 
through the basal membrane. That requires cleavage of 
endothelial intercellular connections. When the ECs migrate to 
form new sprouts, the ECM undergoes proteolytic degradation 
and changes in its composition (Figure 3).

Migration of the ECs occurs 24 hour before the following 
processes:

a) proliferation;
b) adhesion and reestablishment of intracellular contacts;
c) formation of the vascular lumen;
d) functional maturation of the endothelium.
As shown, proteases play a critical role in the angiogenesis 

process39. 
The VEGF stimulation of the tyrosine-kinase membrane 

receptors of the ECs is expressed through Src genes of the 
tyrosine-kinase family, such as Src, Fyn, and Yes, which regulate 
multiple intracellular functions. Each of the Src, Fyn and Yes 
genes plays a unique role in the VEGF mitogenic signaling 

system. They contribute to VEGF modulation in cell migration. 
The Fyn gene plays a unique role in VEGF induction for the 
formation of the neovascular tube, having a negative regulatory 
effect on the migration and stabilization of the VEGF-induced 
neovascular tube. Those results provide direct evidence that 
the Src, Fyn and Yes genes play an important role in VEGF 
regulation in EC-mediated events40. 

The existence of tubes with pericytes reflects the 
early beginning of the participation of pericytes in 
intussusceptive angiogenesis (box 4 of Figure 2). The 
creation of a functional vascular network requires that 
emerging vascular sprouts mature and remain functional 
over time. The association of pericytes and SMC with the 
recently formed EC sprouts regulates their proliferation, 
survival, migration, differentiation, vascular branching, 
blood f low, and vascular permeabil i ty.  The early 
participation of the pericytes in the development of 
the microvasculature has important implications for the 
therapeutic intervention in several diseases41. 

Figure 3 – Detailed draft of angiogenesis showing: stage 1: vasodilation, activation of endothelial cells, activation of platelets, secretion of plasminogen activators 
and proteolytic enzymes, degranulation of mast cells, activation of macrophages, rupture of the basal membrane, and increased permeability with passage of fibrin 
and other proteins; stage 2: formation of pseudopodia, degradation of the extracellular matrix, migration of endothelial cells to the extravascular space with their 
proliferation and formation of vascular sprouts; and stage 3: new basal membrane and maturation of the new vascular wall for establishing blood flow, formation of 
tubes, connections, and new vessels.

Stage 0 of angiogenesis: stable vessel. Larger componentes of a 
normal capillary that can be involved in the angiogenesis process. Stage 1 of angiogenesis: alteration inside the vessels
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Blood flow, exerting pressure on the new vascular 
wall, interacts in an integrated and dynamic way with the 
cytoskeleton and ECM. Continuous blood flow stimulates 
the proliferation of ECs and regulates VEGF, integrin aVb3, 
PECAM-1, and VE-cadherin. Shear stress stimulates EC 
proliferation, and, thus, increases the diameter of the vessel42. 

The ECM provides the necessary contacts between the 
ECs and surrounding tissues, preventing the degeneration 
of the neovascular sprouts. A matrix of interstitial collagen 
and elastin between the vascular cells provide viscoelasticity 
and resistance to the vascular wall. The ECM also regulates 
the formation of the new vascular sprout. When the ECs 
migrate to form new vascular sprouts, the matrix is not only 
proteolytically cleaved, but its composition is altered as well. 
Proteinases expose new epitopes in the ECM proteins (for 
example, collagen IV) or alter their structure (fibrillar collagen 
monomers), leading to migration of ECs and SMCs34. In 
addition, fibronectin, fibrin and other components of the 
matrix provide support and orientation for ECs.

Integrins are specific cell surface receptors of the ECM, 
which, through transmission of bidirectional information 
between the exterior and interior of the vascular cells, help 
in constructing new vascular sprouts coordinately. Integrins 
α5β3 and α5β5 have long been considered a positive regulator 
of angiogenesis, because their pharmacological antagonists 
suppress pathological angiogenesis43. 

Platelet-derived growth factor-β and its receptor (PDGF-Rβ) 
play an essential role in the stabilization of new blood vessels, 
recruiting PDGF-Rβ-positive mesenchymal cells. The lack of 
EC recruitment results in pathological neovascular growth, 
which causes: neovascular permeability changes; neovascular 
fragility; bleeding; insufficient perfusion; and hypoxia in 
embryos lacking PDGF-β44. However, a combination of 
PDGF-β and VEGF results in the formation of more mature 
vascular sprouts than that obtained with monotherapy with 
any of the factors. That is extremely important for the future 
development of therapeutic strategies of angiogenesis.

Another signaling system involved in the maintenance, 
growth, and stabilization of the neovascular sprout is the TIE-
2 receptor, which binds Ang-1 and Ang-2. Differently from 
Ang-2, which activates TIE-2 in some cells, but blocks TIE-2 
in other cells, Ang-1 consistently activates the TIE-2 receptor. 
On its turn, Ang-1 compacts the neovascular sprouts through 
binding molecules and causes the interaction of mural ECs, 
as a protein adhesive, and the contraction of pericytes. 
The angiogenic activity of Ang-2 is synergic with VEGF to 
stimulate cardiac angiogenesis, but when the signals are not 
sufficient, it causes the death of the ECs and regression of the 
neovascular sprout. The TIE-2 activation signs should function 
as a precision scale45. 

2. Intermediate phase: stabilization of the 
immature neovascular sprout 

The neovascular sprout is stabilized through the recruitment 
of mural cells and generation of a new ECM. At least four 
molecular pathways are involved in the regulation of that 
process: PDGF and PDGF-Rβ; sphingosine-1-phosphate-1 

(S1P1); endothelial differentiation factor [sphingosine G-1 
protein receptor (EDG1)]; Ang-1-TIE-2; and TGF. The PDGF-β 
is secreted by the EC, probably in response to VEGF. Although 
PDGF-β is expressed by ECs and mural cells, the latter are 
responsible during the maturation phase of angiogenesis. In 
addition, the TIE-1 and TIE-2 receptors and the two TIE-2 
ligands, Ang-1 and Ang-2, are essential for the formation and 
stabilization of the neovascular sprout. The major sources 
of Ang-1 and Ang-2 are the mural and specific organ ECs, 
respectively. Angiopoietin-1 is known due to its ability to 
stabilize the emerging vascular sprouts and to make them 
resistant to evasion between intercellular connections. In 
the absence of VEGF, Ang-2 acts as an Ang-1 antagonist and 
destabilizes the emerging neovascular sprout, eventually 
leading to its regression. In the presence of VEGF, Ang-2 
facilitates angiogenesis. The TGF-β1 is a multifunctional 
cytokine that promotes the maturation cycle of the developing 
neovascular sprout through ECM stimulation, by stimulating 
the induction and differentiation of mesenchymal cells into 
mural ECs46. 

3. Final phase: vascular maturation of 
physiological angiogenesis

The molecular determinants of neovascular maturation can 
be grouped into three categories: I) growth factor binding to a 
cell receptor type, and its corresponding effect; II) molecular 
regulation of cell interactions; III) molecular regulation of the 
interactions between ECs and ECM.

I) Growth factor binding to a cell receptor type, and its 
corresponding effect:

a) EC receptors Flt-1 and Flk-1 (VEGF-R1, VEGF-R2): 
1) Regulation of proteases in the ECM organization; 2) 
Generation of temporary ECM, which allows permeability 
increase; 3) Regulation of PDGF-β, which recruits cells to 
stabilize the emerging vessel wall; 4) Suppression of apoptosis 
in emerging vessels; 5) Stabilization of ECs.

b) PDGF-Rβ; Ang-1/TIE-2: 1) Promotion of proliferation, 
migration and recruitment of mural cells; 2) Stabilization of 
emerging vessels, which facilitates the interactions between 
intercellular junctions (EC-EC, EC-ECM); 3) Suppression of 
apoptosis of ECs.

c) Ang-2/TIE-1: induce apoptosis of ECs, in the absence 
of VEGF.

d) Ang-1/TIE-1: coordinate vascular polarity.
e) TGF-β1/TGF-βRII: 
1) Promote the production of proteases and ECM.
2) Promote the differentiation of fibroblasts into 

myofibroblasts.
f) TGF-β1/ALK1: regulate the proliferation and migration 

of ECs.
g) TGF-β1/ALK5: regulate the maturation of new vessels.
h) TGF-β1/ALK1 and endoglin: promote arterial and venous 

specialization.
II) Molecular regulation of cell interactions:
a) V-cadherin: binds ECs.
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b) N-cadherin: connect the cells of the vascular wall to ECs.
c) Connectins: establish connections between ECs and ECs 

and mural cells.
III) Molecular regulation of the interactions between ECs 

and ECM:
a) α5β1, α1β1, α2β1, αvβ3, αvβ5: suppression of EC 

apoptosis.
b) Proteases: their enzymatic action promotes the production 

of the ECM, such as cleavage of the collagen XVIII to endostatin, 
plasminogen, angiotensin and proteases (for example, MMP2 
and PEX).

c) Inhibitory proteases: prevent the ECM proteolytic cleavage 
to stabilize the vessel.

Such data consistently support the hypothesis that Ang-2 and 
VEGF lead to the formation of neovascular sprouts, while Ang-1 
is involved in stabilizing the sprout through the interaction of 
ECs and mural cells46. 

3.1. Formation of the vascular lumen
During the angiogenesis process, EC migration and 

proliferation occur for approximately 24 hours, a period during 
which proteases play a crucial role46. Proliferation is recorded 
at the level of ECs and SMCs47. 

The process of the vascular lumen formation is a coordinate 
phase of molecular-cellular adhesion during blood vessel 
extension. The specific molecules responsible for vessel 
extension are not well known48. 

The receptor of TIE-2 and EC is necessary for the development 
of blood vessels, as well as for their maintenance and repair. 
Angiopoietin was identified as a specific ligand for the TIE-2 
receptor. As already cited, Ang-1 is an agonist of TIE-2 receptors 
that promotes EC survival and reduces vascular permeability49. 

Unlike Ang-1, Ang-2 has been initially described as an 
antagonist that blocks TIE-2/Ang-1 and activates TIE-2, which 
results in EC apoptosis. In the signaling system of ECs, for 
their survival and migration, TIE-2 is an essential component 
for the development of embryonic vasculogenesis, as well as 
for angiogenesis in the adult. Recent studies have identified 
protein tyrosine phosphatase beta (HPTP-β) as a new specific 
EC-phosphatase that regulates the Ang-1-TIE-2 signaling of 
ECs. Thus, the strategies oriented to HPTP-β can benefit Ang-1 
signaling, and, thus, improve the formation and maturation 
of neovessels in the context of therapeutic angiogenesis. In 
addition, one can conclude that hypoxia increases HPTP-β 
expression and decreases TIE-2 phosphorylation, shedding 
new light on the potential role of HPTP-β on angiogenesis. The 
induction of HPTP-β due to hypoxia can represent an important 
regulatory mechanism of TIE-2 activation in pathological 
angiogenesis50. 

Briefly, ECs have a selective tyrosine-kinase receptor; 
TIE-2 and its ligands, Ang-1 and Ang-2, are essential for the 
maintenance and repair of blood vessels. Ang-1 is an agonist 
of the activation of TIE-2 receptors. However, Ang-2 is context-
dependent, which means, it can be either antagonist or agonist. 
In the survival of ECs, HPTP-β plays a relevant role modulating 
Ang-1-TIE-2 signaling.

3.2. Neovascular permeability
In the angiogenesis process, VEGF leads to proliferation 

and migration of ECs. It was initially identified as a vascular 
permeability factor (VPF). There is plenty of evidence 
suggesting that angiogenesis is preceded and/or accompanied 
by increased permeability4. 

The mechanisms by which VEGF/VPF increases vascular 
permeability (VP) remain unknown. Murohara et al51 have 
identified nitric oxide (NO) in VP regulation, while van der 
Zee et al52 have identified, in vitro, that VEGF/VPF stimulates 
NO production in the macrovascular endothelium. 

Isner4 has shown the synergic action between NO and 
prostacyclins produced by the interaction of VEGF/VPF with 
its receptor Flk-1/KDR/VEGF-R2 as a mediator of the VEGF/
VPF-induced vascular permeability, constituting a unique 
property of VEGF/VPF among the angiogenic cytokines. When 
the proteases were assessed based on their capacity to increase 
permeability by the Miles test, VEGF was the only to increase 
permeability – the mechanism of action, however, is unknown. 
Nitric oxide has been implicated as a permeability regulator 
factor, depending on its local concentration4. 

There are three different types of vascular permeability:
1) vascular basal membrane permeability (VBMP), present 

in normal tissues;
2) increased vascular permeability in response to a single 

and brief exposure to VEGF-A or other agents;
3) chronic increase in vascular permeability, which 

characterizes pathological angiogenesis.
Finally, VEGF-A varies significantly in different rat strains, 

and the permeability response, both basal and induced by 
some factors, is likely to differ in mice with different genetic 
structures, although systematic investigation still lacks53. 

II. Responses of Vascular Cells to Hypoxia
Hypoxia leads to increased signaling through HIF-

1transcription.

1. Endothelial cells
There are two mechanisms identified in hypoxemia that 

are linked to angiogenesis or its block: one that promotes 
proliferation and survival of ECs through the activation of VEGF 
receptors and eNOS signaling and expression; and another that 
initiates apoptosis. The results depend on the severity of hypoxia. 
Moderate hypoxemia mainly promotes proliferation and survival, 
while severe hypoxemia, close to anaerobic conditions, can cause 
significant apoptosis. In vivo, the accumulation of HIF resulting 
from EC apoptosis has not been reported6. 

2) Vascular smooth muscle cells 
Similarly to that which occurs with ECs, severe hypoxemia 

causes apoptosis of SMCs, while moderate hypoxemia 
increases their proliferation. Induced by hypoxia, the 
expression of cyclooxygenase (COX)-2 and PDGF-β is 
important for the receptors of SMCs that stimulate their 
proliferation. The precise mechanism is unknown, but 
membrane-type matrix metalloproteinase (MT1-MMP) 
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might act as an accessory molecule of the proteolytic activity 
associated with the PDGF-β receptor45. 

3) Macrophages
In response to tissue hypoxemia, a large number of monocytes 

are recruited from the circulation to hypoxic tissues, where they 
differentiate into macrophages. Several factors and proteins 
in hypoxic tissues contribute to the recruitment of monocytes 
as follows: monocyte chemotactic protein-1 (MCP-1); TNF-a; 
colony stimulating factor-1 (CSF-1); SDF-1, and VEGF-A. 
Macrophages promote angiogenesis by stimulating the secretion 
of MMPs and several angiogenic factors, such as VEGF-A, FGF, 
interleukin-2, and TNF. In addition, macrophages also secret a 
short peptide with 39 amino acid residues (PR39), which can 
easily cross the plasma membrane, enter the cells, and inhibit 
HIF-α cleavage. That PR39 function can improve the capacity of 
the resident cells of hypoxic tissue to secret angiogenic factors, 
because of the increase in the local HIF-1 concentration6. 

Finally, macrophages respond to hypoxemia through the 
production of an oxygen-regulated protein (ORP) by the 
endoplasmic reticulum and the secretion of VEGF-A by the same 
endoplasmic reticulum6. 

Conclusion
In general, coronary angiogenesis in adults is fundamentally 

a potent paracrine response of the preexisting capillary 
network to pathophysiological conditions of ischemia and/
or inflammation. Basic research and understanding the 
mechanisms are required to fill in the knowledge gaps and 
enable the establishment of effective strategies in the field 
of coronary angiogenic therapy. 
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