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Abstract
The myocardium adapts to ischemic insults in a variety 
of ways. One adaptation is the phenomenon of acute 
preconditioning, which can greatly ameliorate ischemic 
damage. However, this effect wanes within a few hours 
and does not confer chronic protection. A more chronic 
adaptation is the so-called second window of precon-
ditioning, which enables protection for a few days. The 
most potent adaptation invoked by the myocardium to 
minimize the effects of ischemia is the growth of blood 
vessels in the heart, angiogenesis and arteriogenesis 
(collateral growth), which prevent the development of 
ischemia by enabling flow to a jeopardized region of 
the heart. This brief review examines the mechanisms 
underlying angiogenesis and arteriogenesis in the heart. 
The concept of a redox window, which is an optimal 
redox state for vascular growth, is discussed along with 
signaling mechanisms invoked by reactive oxygen spe-
cies that are stimulated during ischemia-reperfusion. 
Finally, the review discusses of some of the pathologies, 

especially the metabolic syndrome, that negatively af-
fect collateral growth through the corruption of redox 
signaling processes.
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INTRODUCTION
Recently, there has been a rapid increase in the incidence 
of  metabolic syndrome, a term used to describe a condi-
tion characterized by abdominal obesity, hyperglyceri-
demia, insulin resistance and hyperinsulinemia, to near 
epidemic levels. People with metabolic syndrome are 
particularly at increased risk for ischemic heart disease 
(IHD) and approximately 30% to 40% of  these patients 
show little to no coronary collateral growth. Importantly, 
patients with well-developed coronary collaterals have a 
better prognosis in recovering from a myocardial infarc-
tion than those with poorly developed collaterals[1]. Be-
cause collateral growth is a chronic event, patients without 
collaterals that have an acute coronary occlusion have a 
poor prognosis because the wavefront of  necrosis pro-
ceeds faster (minutes to hours) than vascular growth (days 
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to months). Coronary collaterals carry insufficient flow to 
completely prevent infarction in most cases, although their 
presence is known to limit the damage and reduce infarct 
size[2]. Thus, the growth of  coronary collaterals has earned 
the name “mother nature’s by-pass”. The complex mecha-
nisms mediating the enlargement and/or development of  
new blood vessels in the heart are not well-understood. In 
this review, we discuss redox-sensitive mechanisms that 
lead to coronary collateral growth and how redox-depen-
dent signaling should be considered in therapies designed 
to stimulate the growth of  blood vessels in the heart, par-
ticularly in patients with metabolic syndrome.

MECHANISMS OF CORONARY 
COLLATERAL FORMATION IN THE 
HEART
Coronary collateral growth is the enlargement of  arterial-
arterial connections in the heart. It is a chronic coronary 
adaptation to myocardial ischemia that helps to restore 
the coronary flow and prevent or minimize myocardial 
ischemic injury[3]. Under physiological conditions, collat-
eral vessels are very small and thus resistance to net blood 
flow is high[4]. However, collaterals can greatly expand 
their calibers and serve as conduits offering little resistance 
to blood flow if  challenged with appropriate stimuli[5]. 
The stimuli that trigger this physiologic remodeling in an 
outward direction, rather than pathologic remodeling in 
which cell proliferation is involved in the development of  
a neointima and atherosclerotic plaque formation, remain 
unknown[4].

Vascular growth is usually categorized as angiogenesis 
(the tightly regulated sprouting of  new capillaries from 
pre-existing ones) or vasculogenesis (the in situ develop-
ment of  vessels from angioblasts, which is normally con-
fined to the embryonic phase of  development)[6]. Arterio-
genesis, formerly regarded as a variant of  angiogenesis, is 
a relatively new term that was introduced to distinguish it 
from other mechanisms of  vascular growth; i.e. angiogen-
esis and vasculogenesis[7-9]. Arteriogenesis describes the 
formation of  mature arteries from pre-existent intercon-
necting arterioles after an arterial occlusion. According to 
Cai et al[10], the fundamental difference between the two 

types of  vascular growth is that arteriogenesis occurs in 
a normoxic environment; whereas angiogenesis depends 
on tissue hypoxia/ischemia that leads to the activation of  
the transcription factor hypoxia-inducible factor-1α (HIF-
1α). However, these generalizations are far too simplistic 
because, in the heart, arteriogenesis or collateral growth 
is initiated by ischemia/tissue hypoxia. Several years ago, 
Chilian et al[11] attempted to resolve the contributions of  
shear stress from ischemia in the coronary circulation by 
distally embolizing the microcirculation of  the heart with 
microspheres (thus producing ischemia, but without pres-
sure gradients across upstream collaterals). Under these 
conditions, initiation of  collateral growth was observed, 
but the magnitude of  collateral growth was not nearly as 
robust as with other models. Importantly, Toyota et al[3]  
further demonstrated that neutralizing antibodies to vascu-
lar endothelial growth factor (VEGF) prevented coronary 
collateral growth. Because VEGF has an HIF responsive 
element in the promoter, such an observation is consistent 
with the early initiation of  collateral growth being regu-
lated by ischemia (tissue hypoxia). As collaterals develop, 
tissue hypoxia is ameliorated because the collaterals enable 
the delivery of  oxygenated blood. Thus, at least in the 
heart, ischemia can be thought of  as an initiating factor 
for collateral development, but shear stress is likely a fac-
tor that contributes to remodeling during the continuation 
of  this process as the tissue hypoxia is abated[4].

Whether the growth and enlargement of  coronary col-
laterals is due to the enlargement of  pre-existent vessels,  
de novo arteriogenesis, or both, remains a controversy. In 
our opinion, we think that repetitive occlusions in the 
heart may give rise to a mixed arteriogenic/angiogenic 
adaptation due to the close proximity of  the stenosing 
vessel and the downstream region at risk. Indeed, we pre-
viously found an increase in capillary density in a canine 
model of  collateral growth induced by episodic isch-
emia[12]. However, what is not resolved is whether these 
capillaries can arterialize and contribute to the forma-
tion of  the collateral network. Obviously, the underlying 
mechanisms of  this “natural process” of  coronary collat-
eral growth/arteriogenesis are a complex orchestration of  
the expression of  numerous growth factors and signaling 
cascades that have not been well elucidated, as illustrated 
in Table 1 and Figure 1. Figure 1 summarizes how both 
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Table 1  Differences in the underlying mechanisms of induction, as well as mediator and growth factor involvement in angiogenesis and 
arteriogenesis[8,9]

Angiogenesis Arteriogenesis

Inducer Ischemia Shear stress, inflammation, ishemia
Promoter Hypoxia inducible factor (TACGTGCT) Hypoxia inducible factor (TACGTGCT)

Shear stress responsive element (GAGACC)
Substrate Pre-existing capillaries Pre-existing arterioles
Cell type Endothelial cells Endothelial and smooth muscle cells; likely fibroblast
Result Increase capillaries density Remodeling of arteries into collateral arterioles
Duration Days Days to weeks
Growth factors VEGF, bFGF, PDGF, PIGF, MCP-1, MMPs, GM-CSF, etc. VEGF, bFGF, PDGF, PIGF, MCP-1, MMPs, GM-CSF, etc.

VEGF: Vascular endothelial growth factor; bFGF: Basic fibroblast growth factor; PDGF: Platelet-derived growth factor; PIGF: Placenta growth factor; 
MCP-1: Monocyte chemoattractant protein-1; MMPs: Matrix metalloproteinases; GM-CSF: Granulocyte-macrophage colony-stimulating factor.



tissue hypoxia/ischemia and shear stress can contribute 
to coronary growth. In this figure, an acute occlusion 
produces ischemia and increases shear stress across col-
laterals. As the collaterals grow, ischemia is absolved 
but shear stress may still be elevated compared to the 
normal state. Table 1 summarizes key aspects, regulators 
and components of  growth of  a collateral vessel (artero-
genesis) and growth of  new vessels (angiogenesis). This 
table shows that the two processes overlap in various 
categories.

ISCHEMIA-REPERFUSION INJURY
In the heart, ischemia or ischemia-reperfusion (IR) is the 
initiating stimulus for collateral growth and angiogenesis. 
IR injury in the myocardium is a biphasic process, in 
which exposure of  the myocardium to prolonged reduc-
tion in blood flow (ischemic phase) produces a variety 
of  events including hypoxia, which initiates cell injury or 
even death in the affected region of  the heart. This is then 
followed by further injury commencing upon reestablish-
ment of  blood flow (reperfusion phase), which furthers 
cellular destruction, including stunning and death[3,13]. Mas-
sive amounts of  reactive oxygen species (ROS) released 
during reperfusion have been shown to be the major cause 
of  death of  myocardial tissue that was still alive before 
the onset of  reperfusion. Treatment with superoxide dis-
mutase-1 (SOD-1), catalase (cat) and nitric oxide synthase 
(NOS) inhibitors at the onset of  reperfusion have been 
shown to be cardioprotective[3,14]. The caveat to IR is that 

if  the period of  occlusion is brief, then instead of  induc-
ing cell death, adaptive processes of  cardio-protection and 
collateral growth are initiated.

OXIDATIVE STRESS
ROS are a family of  molecules, including molecular oxygen 
and its derivatives, produced in all aerobic cells. Many ROS 
possess unpaired electrons and thus are free radicals. These 
include superoxide anion (O2

-), hydroxyl radical (HO-), 
nitric oxide (NO-) and lipid radicals. Other ROS, such as 
hydrogen peroxide (H2O2), peroxynitrite (ONOO-), and 
hypochlorous acid (HOCl), are not free radicals per se, but 
have potent oxidizing effects that contribute to oxida-
tive stress[15]. As stated previously, there is a burst in the 
production of  ROS during the reperfusion phase of  IR, 
which has been implicated in the regulation of  intracel-
lular signaling pathways and biological functions of  the 
cells[14,16]. Superoxide is rapidly converted to the more 
stable H2O2 by the actions of  superoxide dismutase 1 and 
2 (SOD-1 and -2). Catalase (cat) then converts H2O2 into 
water and O2. Peroxynitrite is formed by the reaction of  
O2

- and NO, and has been implicated in the disruption 
of  intracellular signaling by nitration of  tyrosine resi-
dues[17-19]. However, if  there is an imbalance between pro-
oxidant generation and anti-oxidant defenses, oxidative 
stress may ensue. Oxidative stress can result in oxidation 
of  biological macromolecules, such as DNA, protein, 
carbohydrates and lipids. Oxidative modification of  lipids, 
tyrosine residues, nucleotides, and a shift in the ratio of  
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Figure 1  Compensatory mechanism of coronary collateral growth/arteriogenesis. A: A non-functioning collateral between parallel circuits in the absence of 
flow obstruction; B: Following proximal occlusion, there is a pressure drop across the pre-existing collateral stimulated by shear stress-driven redirection of flow; C: A 
complex intracellular signaling cascade involving various growth factors act in a coordinated manner to facilitate migration and proliferation of endothelial and smooth 
muscle cells (likely fibroblasts), leading to enlargement/ formation of arteries, arterioles and capillaries. 
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reduced to oxidized thiols are all standard measurements 
to evaluate oxidative stress. However, when does the shift 
to an oxidative state become a stress and therefore is out-
side the bounds of  the norm? This question is difficult 
to answer, but in fact is the most important, and we pose 
it in a different venue, as shown in Figure 2 where we il-
lustrate a “redox window”. In Figure 2, the outcome of  
redox-dependent signaling is coronary collateral growth. 
However, we emphasize that there are many surrogates 
for the effects of  oxidative or reductive stresses. In our 
model, the final measure of  redox signaling is coronary 
collateral growth and, accordingly, we plotted this vari-
able as the outcome for redox signaling in the heart. In 
some instances oxidative stress should be confined to a 
situation where the normal metabolism or biology of  a 
cell is altered by excess production of  oxidants or inad-
equate antioxidant defenses. Alternatively, reductive stress 
occurs with insufficient production of  ROS, excessive 
amounts of  free radical scavengers or enhanced levels of  
NADPH or NADH (because of  inadequate oxidation of  
these substrates). Although oxidative stress is generally 
perceived as being more important than reductive stress, 
the latter is known to corrupt growth factor signaling[20] 
and also induce cardiomyopathy[21]. The likely mechanism 
of  reductive stress relates to the incomplete oxidation of  
protein thiols on cysteine residues that, when oxidized, 
produce the negatively charged sulfenic acid. If  too many 
(oxidative stress) or too few (reductive stress) thiol groups 
are oxidized into sulfenic acid, the activity of  the enzyme 
is affected via conformational changes in tertiary struc-
ture that is determined by either neutrality or negatively 
charged thiols. 

Despite many potential enzymatic sources of  ROS, 
only xanthine oxidase, NADH/NADPH oxidase and NO 
synthase, have been studied extensively in the cardiovas-

cular system[15]. In recent years, more studies have revealed 
several important mechanistic details of  mitochondrial 
ROS production in the heart. Mitochondria, which en-
compass 40% to 50% of  a cardiac myocyte volume, are 
densely packed with various protein electron carriers 
(mitochondrial complexes) that, instead of  transferring 
electrons for the production of  energy, have electrons in-
advertently leak from the complexes and reduce oxygen to 
form the superoxide anion. Superoxide anion then serves 
as a ROS progenitor to induce a positive feedback loop 
(‘vicious cycle’) wherein ROS-mediated oxidative dam-
age to cells favors further elevated ROS production[22]. 
Many cell types have been proposed to contribute to the 
enzymatic production of  ROS during IR, namely infiltrat-
ing neutrophils, cardiac myocytes and endothelial cells[23]. 
However, potential roles for both cardiac and vascular fi-
broblasts and vascular smooth muscle cells have also been 
reported[23].

REDOX-DEPENDENT SIGNALING IN 
CORONARY COLLATERAL GROWTH 
Studies have shown that ROS modulate cellular function 
via intricate mechanisms. Ambient production of  O2

- 
and H2O2, maintained by basal activity of  pre-assembled 
NADPH oxidases or mitochondrial respiration, is neces-
sary for the growth, proliferation and migration of  vas-
cular cells. Under pathological conditions, activation of  
vascular NADPH oxidase, xanthine oxidase, uncoupled 
from eNOS and even mitochondrial dysfunction, lead to 
detrimental consequences. The functions of  some ROS, 
particularly H2O2, are often viewed in a dichotomous 
manner as an important physiological mediators in cer-
tain concentrations (e.g. endogenous vasodilator[24,25]) 
but harmful in large amounts (e.g. anti-microbial and  
apoptotic[15]). 

The likely actions of  H2O2 are mediated via its ef-
fects on cellular thiols, in which oxidation of  a free thiol 
by H2O2 produces sulfenic acid. The conference of  a 
negative charge via oxidation of  a free thiol to sulfenic 
acid performs a similar action as when a protein is phos-
phorylated by a kinase; the introduction of  the negatively 
charged phosphate induces a change in the tertiary struc-
ture of  the protein causing an alteration in function; e.g. 
activation, docking and inhibition. However, one critical 
issue related to ROS signaling is that a little is “good”, but 
a lot seems to be “bad”. Perhaps there are critical thiol 
residues that are normally subjected to oxidation by ROS, 
but if  there are too many ROS, then additional thiols may 
be converted into sulfenic acids, which could result in im-
proper tertiary changes in structure. An observation sup-
porting this contention is that different thiols show vary-
ing sensitivity to oxidative modification[26] and, therefore, 
it is not unreasonable to assume that oxidative stress can 
induce a very different effect on protein structure than 
physiological levels of  ROS.

Rocic et al[20] demonstrated that too many or too few 
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Figure 2  “Redox-window” hypothesis on coronary collateral growth. 
Existence of a critical “redox-window” is required; either reductive or oxi-
dative stress will corrupt collateral growth and redox-dependent growth-
factor signaling. The figure illustrates the principal measure in our system-
collateral growth-as a function of the redox state in cells. The summary of this 
concept is best described as, in situations where there is reductive stress or 
oxidative stress, collateral growth is corrupted because of either too many neu-
tral or oxidized thiol groups.
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ROS have a negative effect on endothelial tube formation 
in vitro, which may be a shared common mechanism with 
angiogenesis and collateral growth. These investigators 
showed that there was robust tube formation induced by 
VEGF when endothelial cells were seeded on two-dimen-
sional Matrigel. However, tube formation was inhibited 
when the cultures were treated with either diphenylene 
iodonium (DPI) to block O2

- formation or diethyldithio-
carbamic acid (DETC) to inhibit SODs[20]. The former 
shifted the redox state to a more reductive condition and 
the latter to a more oxidative environment. To further 
establish the physiological relevance of  the impact of  the 
critical “redox window” in mediating the angiogenesis 
process, the study was extended to an in vivo coronary col-
lateral growth model. Healthy, lean rats were subjected to 
a 10-d protocol of  brief  episodic ischemia, a sham group 
with the surgical procedure but without repetitive isch-
emia, and two experimental groups in which O2

- produc-
tion was decreased by administration of  DPI or increased 
by DETC, respectively. The desired redox state induced 
by drug treatment was monitored and confirmed using 
X-band electron paramagnetic resonance spectroscopy. 
Compared to the sham group, the experimental group 
produced an increase in O2

-, which was blocked by DPI 
and augmented by DETC. Robust growth of  coronary 
circulation (ratio of  flow to the collateral relative to nor-
mal zones) was observed as opposed to abrogated growth 
by either too little or too much O2

-[20]. This in vivo study 
again emphasized the existence and importance of  redox-
dependent signaling in coronary collateral growth.

OXIDATIVE STRESS IN METABOLIC 
SYNDROME AND CORONARY 
COLLATERAL GROWTH 
Metabolic syndrome is associated with overproduction 
of  ROS, leading to the concept that the amelioration of  
risk factors of  metabolic syndrome, including insulin 
resistance, elevated blood pressure, elevated lipid levels, 
inflammation and endothelial dysfunction, may reduce 
oxidative damage and curtail the progression of  IHD[27]. 
As mentioned, enzymatic sources of  ROS production 
under pathological conditions, including activation of  vas-
cular NADPH oxidase, xanthine oxidase and uncoupling 
of  eNOS, are well characterized in cardiovascular diseases. 
In our opinion, cardiac mitochondrial dysfunction is the 
major cause and/or effect of  mitochondrial ROS genera-
tion, leading to a vicious cycle of  “ROS-induced, ROS-
released” in the diabetic myocardium. Supporting this 
argument are many observations showing alterations in 
mitochondrial structure and function in the metabolic 
syndrome[28-33], with some of  these manifestations amelio-
rated by scavenging ROS in mitochondria.

Mitochondria are the principal source of  high energy 
phosphate (ATP) production. Tissues that have high en-
ergy requirements, such as the heart, have a higher density 
of  mitochondria and are reliant on mitochondrial aerobic 

metabolism to produce energy to maintain contractile 
function. In addition to energy production, mitochondria 
continuously produce ROS as a by-product of  electron 
transfer. This is because the transfer of  e- through the 
mitochondrial electron transport chain is not 100% effi-
cient, and a small percentage of  e- leak out and react with 
O2 to produce O2

-. Although the heart is able to oxidize a 
broad variety of  substrates for ATP production, the nor-
mal heart generates ATP mainly from the mitochondrial 
oxidation of  fatty acid (60% to 70% of  ATP generated) 
and to a lesser extent from glucose, lactate and other sub-
strates (30% to 40%). In contrast, hearts of  diabetic and 
obese animals use relatively more fatty acids to generate 
ATP, while glucose oxidation rates are decreased in iso-
lated working heart perfusions of  db/db and ob/ob mice, as 
shown by Andreyevet al[22] and Buchanan et al[34]. Similarly, 
increased fatty acid oxidation has also been observed in 
Zucker Diabetic Fatty rats (ZDF)[35]. The resulting increase 
in reducing equivalent delivery to the respiratory chain 
may increase chances of  e- leakage, leading to mitochon-
drial oxidative stress. In addition, studies have shown that 
fatty acids are less efficient fuel when compared to glucose 
in terms of  the yield of  ATP per oxygen atom consumed. 
Substrate switched from 100% palmitate to 100% glucose 
would increase the ATP yield per oxygen atom by 12% to 
14%[36]. Thus increased fatty acid utilization in the diabetic 
myocardium may be energetically detrimental because of  
the higher cost to produce ATP to keep up with increased 
cardiac work. Importantly, reduction in ATP would also 
prevent a phenotypic switch of  endothelial and smooth 
muscle cells (likely fibroblasts) from quiescent to prolif-
erating and migrating phenotypes, which is essential for 
angiogenesis and collateral growth.

To understand whether amelioration of  oxidative stress 
would confer a positive effect on VEGF gene therapy, 
we studied coronary collateral growth in Zucker Obese 
Fatty rats (ZOF). ZOF rats are a rat model of  human 
metabolic syndrome because these rats share many of  
the same afflictions including obesity, insulin resistance, 
hyperlipidemia, hyperinsulinemia and hyperphagia. The 
ZOF rats also demonstrated endothelial dysfunction and 
oxidative stress[37]. We first observed that coronary col-
lateral growth was markedly compromised in response to 
episodic ischemia in the obese rats[38]. VEGF gene therapy 
was administered via transfected smooth muscle cells that 
were introduced into the coronary circulation. There was 
no significant improvement in coronary blood flow to the 
ischemic zone. However, correction of  oxidative stress 
with ecSOD (SOD-3), using the same smooth muscle-
based gene delivery system as for VEGF, partially restored 
coronary collateral development[38]. Importantly, this 
observation was also confirmed in a different model of  
MS; i.e. JCR rats[39]. These results argue that amelioration 
of  oxidative stress in diabetic/pre-diabetic myocardium 
will restore growth-factor redox-dependent signaling and 
thus enable the VEGF gene therapy to stimulate collateral 
growth. Clearly, redox-dependent signaling plays a critical 
role in collateral growth in the heart, and corruption of  
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this signaling by either reductive or oxidative stress can 
have negative influences and actions of  growth factors on 
collateral growth.

CONCLUSION
The metabolic syndrome compromises vascular adapta-
tions to ischemia[40-42] resulting in impaired coronary col-
lateral growth. Central to this inadequate adjustment, are 
impairments in endothelial function produced by oxida-
tive stress, which also corrupts the signal transduction of  
growth factors. These issues represent a major challenge 
for clinical application of  any therapeutic strategy, because 
the presence of  oxidative stress prevents the actions of  
growth factors administered as gene therapy or recombi-
nant protein. The correction of  oxidative stress to restore 
redox-dependent signaling is imperative to enable realiza-
tion of  therapies designed to stimulate collateral growth.
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