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Abstract

This review addresses the complexity of coronary collateral growth from the aspect of redox signaling and
introduces the concept of a “redox window” in the context of collateral growth. In essence, the redox window
constitutes a range in the redox state of cells, which not only is permissive for the actions of growth factors but also
amplifies their actions. The interactions of redox-dependent signaling with growth factors are well established
through the actions of many redox-dependent kinases (e.g., Akt and p38 mitogen-activated protein kinase). The
initial changes in cellular redox can be induced by a variety of events, from the oxidative burst during reperfusion
after ischemia, to recruitment of various types of inflammatory cells capable of producing reactive oxygen species.
Any event that “upsets” the normal redox equilibrium is capable of amplifying growth. However, extremes of the
redox window, oxidative and reductive stresses, are associated with diminished growth-factor signaling and
reduced activation of redox-dependent kinases. This concept of a redox window helps to explain why the clinical
trials aimed at stimulating coronary collateral growth, the “therapeutic angiogenesis trials,” failed. However,
understanding of redox signaling in the context of coronary collateral growth could provide new paradigms for
stimulating collateral growth in patients. Antioxid. Redox Signal. 11, 1961-1974.

Introduction of “pathologic” remodeling in which cell proliferation is in-

volved in the development of a neointima and atherosclerotic

FORMATION OF THE COLLATERAL NETWORK in many organ
systems is an enigmatic process. Under normal condi-
tions, as in the absence of pathology, little to no net blood flow
occurs through a collateral anastomosis because flow waxes
and wanes in a bidirectional manner (103) (refer to Fig. 1).
Moreover, in their innate, native state, collateral vessels are
very small, and because of their sparse numbers (and thus
small total cross-sectional area), resistance to net blood flow is
high. Thus, under normal conditions, little purpose appears
for their existence. However, if challenged with appropriate
stimuli, collaterals can greatly expand their caliber and serve
as conduits offering little resistance to blood flow (87). Col-
lateral growth is a remodeling process that represents orga-
nized abluminal expansion of preexisting vessels, involving
mitosis of endothelial and smooth muscle cells (and likely
other vascular cells; e.g., fibroblasts). What engenders this
“physiologic” remodeling in an outward direction versus that

plaque formation remains unknown. The enigma—why do
native collateral vessels form when they appear to have little
net flow—may be best solved from the perspective of natural
principles. The thoughts of Sir Isaac Newton bear on this ar-
gument:

“...Nature does nothing in vain, and more is in vain
when less will serve; for Nature is pleased with sim-
plicity, and affects not the pomp of superfluous causes.”
Sir Isaac Newton in Rule I of Rules of Reasoning in
Natural Philosophy, Mathematical Principles of Natural
Philosophy.

The extension of this reasoning supports the view that
collateral connections between arteries develop for a reason;
otherwise, they should not develop at all! Collateral vessels
may serve as a preemptive adaptive mechanism to ameliorate
the effects of vascular pathology. Although this is teleologic
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FIG.1. Growth of the collateral circulation
in the rat heart. (Left) After a 10-day proto-
col for episodic ischemia, blood flow to
the collateral-dependent zone was increased
approximately fivefold over the native
flow before the episodic ischemia. (Right)
MicroCT images of a rat heart not subjected
to repetitive ischemia (top right) and one ex-
posed to the episodic ischemia protocol (bot-
tom right). Numbers of visible collaterals
increased from four to 11. [Adapted from
Toyota et al. (102) with permission.]

reasoning, it is not inconceivable to recognize collateral for-
mation as a selection pressure, insofar as those with a pre-
existing collateral supply would be better able to circumvent
the effects of vascular pathology and perhaps even acute
traumatic vascular injury than would those without collater-
als. Survival after the course of vascular pathology would be
better in individuals with collaterals than in those without.
Because of this purpose, these vessels can assume a very im-
portant role, especially when carrying flow to an area of is-
chemia. Understanding the factors responsible for, and the
mechanisms of, collateral vessel enlargement is very impor-
tant. The remainder of this review focuses on experimental
approaches and models used to measure collateral growth,
initiating factors in collateral development, redox-sensitive
mechanisms that produce growth and enlargement of coro-
nary collateral vessels, and how redox-dependent signaling
should be considered in putative therapies designed to stim-
ulate collateral growth. In this review, we use collateral
growth and enlargement interchangeably.

Measurements of Collateral Growth

Collateral growth has been derived from many indirect and
direct measures. Table 1 summarizes the major models used
to stimulate collateral vessel growth, in species ranging from
mice to horses, and highlights our analysis of advantages and
disadvantages of using the various models. In our opinion,
most models fail with respect to two important factors: one
must know accurately the time when the stimulus for growth is
initiated; and (in our opinion) it becomes very important to initiate
the process (if possible) when the inflammation and trauma from the
surgical procedures have abated after healing. For example, pre-
viously we reported that, on the implantation of a catheter in
the myocardium from which samples of interstitial fluid were
obtained, very high levels of growth factors and cytokines
were found immediately after the surgery until healing was
completed (115). Thus, if we were to have initiated our sam-
pling from the first day after surgery, substantial artifact
would be found with our conclusions about the role of certain
growth factors in collateral growth. In contrast, the ligation

model is subject to this criticism because the vessel is ligated
during the initial surgery. Table 2 illustrates a summary of
the measurements and our views on limitations inherent in
the measurements. In our opinion, the best measure for the
growth of the collaterals is blood flow, because that is the
critical variable for the tissue, and that flow represents a
composite of the total growth of the vascular bed. However,
one should realize that flow measurements may be affected by
vascular tone (not a factor in the ischemic heart) and contri-
butions of resistance upstream and downstream from the
collateral bed (assumed to be constant in the estimation of
collateral growth from flow). Visualization by using angio-
graphic techniques is hindered by the resolution of the meth-
od, because some collaterals may be too small to visualize or
because of their size, they may not fill well with contrast.
Measurement of blood flow to the collateral-dependent zone
circumvents this criticism.

General Concepts in the Initiation of Collateral Growth

Collateral growth occurs in a variety of organ systems and
vascular beds, including the heart (23,114,115), hindlimb
(11,12), mesentery (69), and the brain (11). In the rat heart, the
response is extraordinary, with substantial increases in col-
lateral growth in as little as 10 days (Fig. 1) (102). The causal
factors that initiate collateral vessel enlargement are still
subject to debate, and generally, two hypotheses are cited.
One hypothesis maintains that shear stress is an initiating
factor (78); whereas the other holds that ischemia initiates the
process (14).

Before we discuss the evidence in favor of and against these
two hypotheses, it is important to recognize the anatomic
features of an organ system that may provide insight into the
factors responsible for growth. For this, a comparison of col-
lateral vessel growth in skeletal muscle versus the heart il-
lustrates the basis of the argument. In the event of a coronary
artery occlusion, the ischemic zone is adjacent to, and even
interdigitating with, the normally perfused zone of the myo-
cardium (21). Because of the sparing of the epicardium in most
species and animal models, epicardial arteries may actually
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TABLE 1. MODELS FOR STIMULATION OF COLLATERAL GROWTH

Low mortality instrumentation failure
. Known time when growth
is initiated
. Collateral growth is stimulated
when surgical trauma and

inflammation have subsided

Model Advantage Disadvantage
Ameroid occluder 1. Growth of large collaterals 1. Variable rates of closure
(16, 17, 34, 91) 2. Large body of literature 2. Undefined time whengrowth
3. Low mortality is initiated
4. Simple surgical procedure
Repetitive occlusion 1. Growth of large collaterals 1. Labor intensive
(23, 59, 63, 102) 2. Large body of literature 2. Occasional-to-frequent
3.
4

a1

Surgical ligation/arterectomy . Growth of large collaterals 1. Collateral growth is stimulated

(1, 11, 12, 38, 41, 42, 92, 93)

W N =

. Large body of literature
. Low mortality (in organ

when surgical trauma and
inflammation are present

systems other than heart)
4. Known time when growth

is initiated

5. Simple surgical procedure

—_

Distal embolization (14) . Low mortality

2. Known time when growth

is initiated

3. Simple surgical procedure

1. Collateral growth is stimulated
when surgical trauma and
inflammation are present

. Collateral development is not robust

. Small body of literature

W N

course above ischemic areas of the myocardium (83). Thus,
the ischemic area of the heart is within a few to a few hundred
microns of the area where collateral growth occurs. In contrast
with occlusion of a femoral or iliac artery, the major site of
ischemia is remote from the area of occlusion. For example,
the occlusion is located in the region of the groin, but the level
of ischemia is most intense in the toes—an area far removed
from the site of vascular growth. Accordingly, we are com-
pelled to emphasize that collateral growth in different organ
systems may be stimulated by unique complements of factors,
which is ultimately related to the anatomic relations between
the site of vascular growth and the site of ischemia. One ca-
veat is that a complete understanding of vascular communi-
cation or even communication between remote tissue areas
does not exist. In the preconditioning literature, the observa-
tion of remote preconditioning has been well appreciated for a
number of years (6, 27, 80). These observations show that
ischemia in one region of an organ system, or even within the
body, can induce a protective effect within that same or an-
other organ system. Thus, it may be presumptuous to con-
clude that because the zone of ischemia is far removed from
the site of growth, ischemia is not involved.

The role for shear stress in collateral growth has been dis-
cussed extensively (18, 29, 38, 39, 78) and has been accepted by
many as the factor that drives this process. In our opinion, the
role for shear stress in collateral growth remains a hypothesis
more than a fact. The vast majority of investigators conclud-
ing a role for shear stress in collateral growth in their partic-
ular model have not even measured shear stress (40, 78)! Some
experimental preparations that are aimed at showing the ef-
fects of shear stresses in the process have not eliminated other
factors, such as ischemia. For example, Schaper’s group (40)
reported that shear stress was involved in collateral growth
because creation of an arterial venous shunt downstream of

the collaterals (that was designed to increase flow and shear
stress in the collaterals) enhanced collateral growth. However,
an issue not considered by the investigators is that imposi-
tion of such a shunt would also worsen downstream ischemia
(i.e., collateral-dependent flow that normally would perfuse
the tissue at risk is now shunted into the venous system).
Thus, this experiment is not a definitive test for shear stress
because it did not exclude the effects of ischemia.

In the mesenteric circulation, Unthank (106) argued that
shear stress is the critical factor in mesenteric collateral growth.
However, some of the upregulated genes in their model (e.g.,
enolase) have an HIF-binding site in their promoter; thus, the
exclusive regulation by shear is questionable. Several years
ago, Chilian et al. (14) attempted to resolve the contributions
of shear stress from ischemia in the coronary circulation by
distally embolizing the microcirculation of the heart with mi-
crospheres (thus producing ischemia, but without pressure
gradients across upstream collaterals). These investigators
observed initiation of collateral growth, but collateral growth
was not nearly so robust as with other models. Thus, at least in
the heart, ischemia can be thought of as an initiating factor, but
shear stress is likely a factor that contributes to remodeling
during the continuation of this process.

Finally, collateral growth occurs between vascular territo-
ries that are not directly connected to the area at risk, thus
casting further doubt that shear stress is the single factor re-
sponsible for collateral growth. Several years ago, Schaper
(74, 87) reported the presence of mitotic cells in blood ves-
sels far removed from the ischemic territory, and Scheel’s
laboratory (89, 91) made several contributions showing that
collateral growth increased between the right coronary artery
and the left anterior descending artery, when an ameroid was
placed on the left circumflex. Although both the right coro-
nary artery and the left anterior descending artery are
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TABLE 2. MEASUREMENTS OF COLLATERAL GROWTH

YUN ET AL.

Measurement

Principle /assumption

Limitations

Blood flow (48, 59, 102, 114)

Retrograde flow (88-90)

Perfusion ratio
(collateral-dependent
flow /normal flow) (35, 82)

Distal pressure/pressure ratio
(68, 72, 110, 123)

Rentrop score/angiography
(49, 50, 71, 81, 98, 110, 124)

Imaging/tomograph
(8,19, 57, 75, 86, 116, 125)

Function/pathology
(15, 24, 49)

Collaterals represent a series-coupled

resistance to upstream conduit vessels
and downstream microvessels/resistance
vessels in the area of risk Because native
collateral resistance is substantially
higher than the microvascular or
conduit resistance, flow to the
collateral-dependent zone is dependent
primarily-to-exclusively (depending on
the organ system) on the growth

of collateral vessels

Measurement of flow through the collateral

circulation without influences
of the downstream microvascular
resistance

Same principle as for blood flow,

but absolute measurements of volume
flow are not necessary

During an occlusion, pressure measured

downstream from the occlusion reflects
pressure inputs from the downstream
microcirculation and the collateral vessels.
As collateral growth is stimulated,
downstream pressures increase, which
reflects increased transmission of pressure
through these vessels because of lower
resistance

Characteristics of retrograde “filling” of

conduit vessels in the collateral-dependent

region during angiography, where retrograde
filling is equated to collateral-dependent flow

Visualization of collateral vessels by using

angiographic imaging, computerized
tomography, etc. Allows measurement
and quantification of collateral vessels

Function in most organ systems (e.g., cardiac

contraction, limb movement) dependent

on perfusion. If perfusion is too low (as after
an occlusion), severe pathology (e.g., infarction,

gangrene) may ensue. Growth of the
collateral circulation allows more perfusion

Empiric measurements of

collateral resistance are difficult

Terminal experiment

No empiric measurements of

collateral flow. Ratio can be
influenced by changes in flow
to the normal zone or region
and/or flow to the
collateral-dependent region

Distal pressure (that below the

occlusion is a function of both
collateral (indirect) and
microvascular (direct) resistances.
An increase in distal pressure
may be related to higher
microvascular resistance,

(e.g., embolization recovery of
tone), in addition to lower
collateral resistance

Collateral-dependent flow is

poorly correlated with Rentrop
scores. Somewhat subjective
categories of results. Not
quantitative

With fluorescence angiography,

collaterals below the surface

are not visualized. Accurate
measurements of diameter are
difficult. Improper or
inadequate filling also corrupts
the measurement. Difficult to
ascertain total cross-sectional
area of the collateral bed, which
affects total collateral resistance

Not an empiric measurement of

collateral flow, except in the
myocardium, where flow and
function are associated in a
quantitative manner. Scoring
of the pathology is often not

to the area at risk, thereby improving function

quantitative

and ameliorating the pathology

connected to the circumflex artery, it is difficult to envision
how shear stress would be elevated in collateral connections
between these two territories in an area far removed from the
zone of ischemia. Again, the caveat we reemphasize is that
ischemia can have influences in remote areas, and based on

the current evidence for coronary collateral growth, ischemia
is likely the initiating factor.

Several observations support the contention that the pro-
cess of collateral growth is multifactorial. Matsunaga et al. (61)
observed that vascular endothelial growth factor (VEGF) was
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expressed early in the process of collateral growth but waned
during the mid-to-late stages of maturation. Because VEGF
has a HIF element in the promoter, such an observation is
consistent with the early initiation of collateral growth being
regulated by ischemia (and tissue hypoxia), but as collaterals
develop, tissue hypoxia is ameliorated because the collaterals
enable the delivery of more oxygenated blood. Interestingly,
the expression of angiopoietin-2, which also has a HIF pro-
moter element, parallels the expression of VEGF during col-
lateral growth (62). The process of growth and enlargement
continues as ischemia/hypoxia wanes, which suggests that
other factors, perhaps shear stress, are involved in the con-
tinued remodeling. One point worth emphasizing to illustrate
the importance of growth factors resulting from ischemic
tissue is the observation that if the actions of growth fac-
tors are prevented, it appears, at least in the heart, that col-
lateral growth does not occur. Toyota ef al. (102) demonstrated
the causal role of VEGF in this manner. Specifically, neutral-
izing antibodies to VEGF prevented coronary collateral
growth. Thus, if the initiation of collateral development is
prevented, then shear-induced remodeling is of no conse-
quence.

The Role of Reactive Oxygen Species in Coronary
Collateral Growth

Reactive oxygen species (ROS), such as O, , H,O,, and
OH, play a key role in many cardiovascular pathologies, such
as atherosclerosis and ischemia /reperfusion injury (51, 64, 67).
Moreover, patients with congestive heart failure (CHF) show
signs of oxidative stress, and the link between this stress and
the progression of CHF is being explored (70). However, a
growing consensus suggests that lower levels of ROS (espe-
cially O,” and H,0O,) play pivotal roles in collateral growth,
neovascularization, and myocardial adaptations to ischemia.
The hydroxyl radical (OH) is not generally viewed as having a
beneficial role because of its high reactivity (with any mole-
cule at diffusion-limited kinetics), which leads to protein and
lipid modifications that are deleterious.

Ischemia/reperfusion injury is a biphasic process, in which
exposure of the myocardium to prolonged reductions in
blood flow (ischemia) elicits a variety of events, which initi-
ate cell death (51). This is followed by further injury with
reestablishment of blood flow (reperfusion), which leads to
cellular destruction, leading to stunning and necrosis of tissue
still alive at the onset of reperfusion (73). ROS are known to
cause cell death by lipid peroxidation, interruption of key
survival signaling pathways by protein modification, and
DNA damage (22). Massive amounts of ROS released during
reperfusion have been shown to be the major cause of myo-
cardial tissue death (43, 51, 102). ROS are known to cause
cell death by lipid peroxidation, interruption of key sur-
vival signaling pathways by protein modification, and DNA
damage (22). Treatment with SOD and catalase at the onset
of reperfusion is cardioprotective (60). However, transient
and repetitive ischemia renders the myocardium tolerant to
ischemia/reperfusion, in part through promoting collateral
development (13). It has been shown that ROS generated by
repetitive ischemia are critical mediators of coronary collat-
eral growth because treatment with an ROS scavenger,
N-acetyl cysteine, abrogated coronary collateral growth in a
canine model (30). Moreover, ROS also are thought to be in-
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volved in ischemia-induced angiogenesis (64). We recently
showed that repetitive ischemia induced O,  and H,O, pro-
duction, and that complete blockade of O, production ab-
rogated coronary collateral growth in a rat model of repetitive
ischemia (85). This suggests an important role for some critical
amount of ROS in coronary collateral growth, because these
interventions would have shifted the redox state to a reduc-
tive milieu. Components of collateral growth include cell
survival, proliferation, and migration, and ROS are impli-
cated in the regulation of all three processes. Numerous re-
ports demonstrate that complete ROS depletion/inhibition
leads to cell-cycle arrest, cell death, and inhibition of cell mi-
gration. Inhibition of NAD(P)H oxidase attenuated collateral
growth and neovascularization in a model of hindlimb is-
chemia (101). Conversely, diseases characterized by elevated
oxidative stress, including diabetes and hypertension, are
typically characterized by mitigated collateral growth (105).
We recently showed that elevation of myocardial O, con-
centrations by SOD inhibition resulted in abrogated coronary
collateral growth (85), suggesting that high basal oxidative
stress impairs growth-factor production and signaling during
ischemia. These observations strongly imply that high levels
of ROS inhibit coronary collateral growth. Taken together,
this gives a strong suggestion that ROS play a key role in
coronary collateral growth: too little ROS, and a redox state
that is overly reductive impairs vascular growth; and too
many ROS, and a redox state that is overly oxidative likewise
impairs collateral growth. There appears to be a redox state
that not only is permissive for vascular growth, but that also
magnifies vascular growth. These ideas prompt a new con-
cept about collateral growth, in that a “redox window” exists
in which ROS-dependent signaling can occur.

The “redox window” concept was in part based on our
demonstration that production of an overly reductive redox
state impaired collateral growth. Specifically we observed, in
a canine model of repetitive ischemia, that a series of 2-min,
repetitive left anterior descending coronary artery (LAD) oc-
clusions over a period of 21 days increased coronary collateral
blood flow to a level approximating that in the normal zone,
thus indicating robust stimulation of coronary collateral
growth (30, 61). However, administration of the glutathione
precursor, N-acetylcysteine (which would shift the redox state
to a more-reductive environment) prevented the increase in
collateral blood flow (30). This observation directly suggests
an important role for some critical level in the redox state that
is necessary for coronary collateral development. It is im-
portant to note that the redox state is reflected by ratios of
oxidized to reduced constituents within the cell (e.g., oxidized
to reduced glutathione, oxidized to reduced thiols, NAD to
NADH, NAD(P) to NAD(P)H), in which these ratios are
markedly affected by production of ROS. Too many ROS shift
the redox state toward oxidative stress, whereas too few ROS
shift the redox state toward a reductive stress.

ROS have been implicated in the regulation of cell survival,
cell division, and cell migration (64). More significantly, a
picture emerges that a critical or threshold amount of ROS is
necessary for these events to occur; a concept supported by
our previous data (85). Moreover, numerous reports demon-
strate that ROS scavenging, under normal oxygen condi-
tions, also leads to cell-cycle arrest, cell death, and inhibition
of cell migration (109). N-Acetylcysteine and inhibition of
NAD(P)H oxidase with diphenylene iodonium (DPI), as well
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FIG. 2. An example of the
impact that ROS make on
in vitro endothelial tube for-
mation in response to VEGF
treatment. Either decreasing
or increasing ROS [dark im-
ages, with the amount of white
color (DHE fluorescence) pro-
portional to ROS] with DPI
(flavin-containing oxidase in-
hibitor) or DETC (SOD1 and
SOD3 inhibitor), respectively,
blunts VEGF-induced tube
formation on Matrigel. VEGF
increased ROS production

from controls (untreated cells). These observations are consistent with the redox-window hypothesis for growth-factor
signaling, in that a shift toward either a reductive or oxidative state will corrupt redox-dependent growth-factor signaling.

[Adapted from Rocic et al. (85), with permission.]

as administration of antisense oligonucleotides to knock
down gp91”hax, a critical component of NADPH oxidase,
significantly attenuated endothelial cell proliferation and
migration in culture (109). However, too many ROS clearly
lead to cell death or inhibition of collateral growth and an-
giogenesis.

Hyperoxia, a condition also associated with an excess of
ROS, induced retinal vascular endothelial cell apoptosis. Im-
portantly, apoptosis was prevented by treatment with cata-
lase and SOD (31). Hyperoxia also blocked cell division by
preventing the progression of the cell cycle into the S phase
and mitosis through expression of proteins that regulate the
G1/S checkpoint, including p21WAF and p53, and the pro-
gression of the cell cycle into the S phase and mitosis (25).
Addition of glutathione peroxidase in these hyperoxic con-
ditions alleviated the cell-cycle arrest (5). From these obser-
vations that too many or too few ROS can inhibit collateral
growth, we postulate that, at least on the cellular level in vitro,
a critical “redox window” allows the cellular processes that
are key components of collateral growth to occur.

The existence of a redox window for coronary collateral
growth was more strongly suggested after demonstration of
how altering levels of O, affected collateral growth (85) and
in vitro endothelial tube formation. Figures. 2 and 3 illustrate
these points. Figure 2 provides an example of the impact that
ROS make on in vitro endothelial tube formation. Treatment of
the endothelial cells (seeded on Matrigel) with VEGF induced
tube formation, but administration of either DPI (to block O;~
formation and shift the redox state to a reductive environ-
ment) or DETC (SOD inhibitor that will shift the redox state to
oxidative stress) both inhibited tube formation. This obser-
vation is consistent with the idea that too many or too few
ROS have a negative effect on in vitro endothelial cell tube
formation, which may share some common mechanisms with
angiogenesis and collateral growth.

To establish whether this in vitro suggestion of a redox
window for angiogenesis would extend to in vivo coronary
collateral growth, we increased and reduced oxidative stress
in vivo by using pharmacologic agents. Figure 3 shows coro-
nary collateral growth. Collateral flow is expressed as a ratio
of flow to the collateral and normal zones during a 10-day
protocol of brief episodic ischemia in a sham group, a control

group receiving episodic ischemia, and two experimental
groups in which O,” production was decreased by adminis-
tration of DPI or increased through the inhibition SOD1 and 3
by DETC. The major point illustrated by this figure is that the
robust growth of the collateral circulation induced by repeti-
tive ischemia (control RI group), was abrogated by either too
little or too much O, (i.e., overly reductive or overly oxida-
tive state, respectively). To confirm that the agents were
producing the desired effect on superoxide levels, we ad-
ministered a superoxide spin trap in vivo, and then harvested
tissues from animals in the various groups. O,” was mea-
sured with X-band electron paramagnetic resonance spec-
troscopy in myocardial tissue samples. Compared with sham,
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FIG. 3. Effects of manipulating the redox state on in vivo
coronary collateral growth. Coronary collateral growth
(collateral flow is expressed as a ratio of flow to that of the
normal zone) during a 10-day protocol of brief episodic
ischemia in a sham group, a control group receiving
repetitive ischemia, and two experimental groups in which
O,  production was decreased by administration of DPI
(flavin-containing oxidase inhibitor) or increased through the
inhibition SOD1 and 3 by DETC. Increasing oxidative stress
(DETC) or reductive stress (DPI) showed similar inhibitory
effects on collateral growth. These results support the concept
that a critical redox state is requisite for the growth of coro-
nary collaterals. [Adapted from Rocic et al. (85), with per-
mission.]
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RI produced a large increase in O, , which was blocked by
DPI, but augmented by DETC. These results provide a com-
pelling argument for a permissive redox state (perhaps a re-
dox window is a better term) that allows growth-factor
signaling and coronary collateral growth.

The question of what is the mediator that connects redox
and growth factor signaling is still yet largely unanswered,
but the finding of Rocic et al. (85) shed some light on
this question. These investigators reported that the redox-
sensitive enzyme MAP kinase p38 was activated during col-
lateral growth. They also reported that p38 inhibition blocks
collateral growth in response to episodic ischemia. Thus,
p38 likely plays a critical role in the connection of redox-
dependent and growth factor-dependent signaling, resulting
in collateral growth.

Redox-Dependent Signaling in Collateral Growth

Collateral growth, also known as arteriogenesis, represents
a complex mosaic of highly coordinated signaling cascades.
Vascular endothelial growth factor (VEGF) mediates many
cellular responses involved in collateral growth, including cell
survival, proliferation, and migration (121). The actions of
VEGEF on collateral growth appear to be mediated by signal-
ing through the VEGFR1 (Flt-1) and VEGFR2 (Flk-1, KDR)
receptors (2, 11, 44, 121). Although more is known about
Flk than Flt signaling, recently the role of Flt has been ap-
preciated in ischemic preconditioning (66, 100). Moreover, it
was recently suggested that Flk functions are modulated by
Flt (84), suggesting an interesting cross-talk between these
two receptors.

When VEGEF binds to the Flk-1 receptor, it induces phos-
phorylation of tyrosine residues (Y951, Y996, Y1054, and
Y1059), and after phosphorylation, SH2-domain—containing
adapter molecules, including Grb2, Nck, Shc, and SHP-2
phosphatase bind to the intracellular domain (121). These
steps initiate activation of ERK1/2(97), JNK (76), and p38(28)
mitogen-activated protein kinases (MAP kinases), the phos-
phatidylinositol 3-kinase (PI3-kinase)/Akt pathway(26), the
nonreceptor tyrosine kinases c-Src(37), focal adhesion kinase
(FAK) (122), and Pyk2 (58). ERK1/2, JNK, and PI3-kinase/Akt
signaling appear to regulate cell proliferation and survival,
whereas p38 MAP kinase and FAK have been implicated in
endothelial cell adherence and migration (121). Importantly,
P38 MAP kinase (53, 107), Akt (53), and c-Src (108) are known
to be ROS dependent, which then makes the connection to
redox-dependent signaling and to our concept of a redox
window that is permissive for growth-factor signaling.

Previously we demonstrated the importance of the p38
MAP kinase in collateral growth (85). We found that antag-
onism of p38 MAP kinase inhibited VEGF-induced tube for-
mation in vitro and collateral growth in vivo. Because VEGF is
essential for coronary collateral growth (102), this finding
extends well into the role that p38 plays in the process of
collateral development in response to ischemia. The redox
sensitivity of p38 was also shown by Rocic et al. (85) in which
either reductive or oxidative stress prevented p38 activation.
Thus, it would appear that the redox window is at least
partially mediated by the activity of p38 MAP kinase,
which connects to the processes of arteriogenesis and angio-
genesis.

1967

Coronary collateral development in the rat model of re-
petitive ischemia was found to be critically dependent on an
optimal concentration of ROS (85). We observed that a specific
concentration range of superoxide was required for coronary
collateral growth, and that elevation of superoxide levels by
pharmacologic treatment with an SOD inhibitor was detri-
mental to the process (85). Furthermore, we found that, in
another rat model in which coronary collateral growth is
compromised, the Zucker obese prediabetic rat, reduction of
myocardial oxidative stress was required for restoration of
coronary collateral growth in response to treatment with
VEGF, when treatment with VEGF alone was not sufficient to
restore coronary collateral growth (35). Thus, we believe that
the oxidative stress induced by excessive production of su-
peroxide in the JCR compromises redox-dependent signaling
of growth factors, which is necessary for coronary collateral
growth.

Angiotensin Il and Redox-Dependent
Collateral Growth

The role of angiotensin II (Ang II) in vascular growth is
controversial. Angiotensin-converting enzyme (ACE) inhibi-
tors retard angiogenesis in various types of tumors (119).
Moreover, AT1-receptor blockers inhibited vascular growth
in hindlimb ischemia (20), whereas the ACE inhibition or AT1
antagonism increased angiogenesis in vivo (113). Perhaps
some of this controversy is related to the level of oxidative
stress induced by angiotensin, or the background redox state
existing before administration of angiotensin, the ACE in-
hibitor, or the AT1 antagonist. In this context, it is well
documented that angiotensin increases the production of O,
by activation of NAD(P)H oxidase, in a variety of cell types in
the vascular wall, including smooth muscle, adventitial fi-
broblasts, and endothelial cells (32, 33). Moreover, signaling
of vascular endothelial growth factor (VEGF) appears to be at
least partially mediated by production of O,” by NAD(P)H
oxidase, because DPI or inhibiting gp9l”h°x blocked VEGF-
induced superoxide production (109). We reasoned that cor-
onary collateral growth would be dependent on redox
signaling because of these findings and of our finding that
VEGEF plays a requisite role in coronary collateral growth (102).

Reed et al. (82) examined the role of redox signaling in cor-
onary collateral growth by using angiotensin Il administration
or ATR1 blockade to alter the redox state from oxidative to
reductive environments, respectively. These investigators re-
ported that coronary collateral growth in the JCR rat, a model
of vascular disease, was less than that observed in WKY con-
trols. The investigators also found that the level of oxidative
stress, as evidenced by superoxide production, was elevated in
the JCR compared with WKY rats. Interestingly, ATR1 block-
ade in WKY rats reduced coronary collateral growth in re-
sponse to repetitive episodes of myocardial ischemia, whereas
the same antagonist increased coronary collateral flow in JCR
rats. Administration of a subpressor (nonhypertensive) dose of
Ang II increased coronary collateral growth in control WKY
rats; in contrast, treatment with a hypertensive dose of Ang II
abrogated collateral growth.

These findings raise several issues pertaining to the effects
of angiotensin II and angiotensin receptor-1 blockade on
coronary collateral growth. Ang II has multiple effects,
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including vasoconstriction and hypertension and activation
of myocardial and vascular NAD(P)H oxidases (9), which are
major producers of ROS in the vascular wall and the myo-
cardium (117, 118). A subpressor dose of Ang II in WKY an-
imals increased ischemia-induced coronary collateral growth
(82). Under these conditions, a slight increase in superoxide
production was noted; however, large increases in superoxide
produced by administration of a high (hypertensive) dose of
Ang II in WKY rats attenuated collateral growth to levels
observed in the JCR animals. The authors speculated that the
contrasting effects of high and low doses of angiotensin in the
WKY are related to the redox state produced by the different
levels of superoxide production at the different doses. The
finding that the low dose of angiotensin did not stimulate
coronary collateral growth in the JCR rat supported this no-
tion. Because the basal redox state in JCR rats is already
shifted toward oxidative stress, administration of even the
subpressor dose of angiotensin will not have a positive effect
on vascular growth, presumably because of worsening of
oxidative stress.

This effect on the redox state may explain varying obser-
vations in previous studies investigating the effect of ACE
inhibition or angiotensin-receptor 1 (AT1R) blockade on an-
giogenesis (20, 113). The results of Reed and colleagues (85)
support the thesis that the basal redox state affects the out-
come of treatment with ATIR antagonists, which is most
likely related to the redox window discussed previously. In
this context, reduction of oxidative stress in the JCRs by AT1R
blockade produced an effect (increase in coronary collateral
growth) similar to that of inhibition of NAD(P)H oxidase by
apocynin. Interestingly, treatment with the AT1R antagonist,
losartan, or apocynin in the WKY rats decreased superoxide
levels and also reduced coronary collateral growth. The au-
thors opined that reductions in the redox state from a “nor-
mal” level (in WKYs) by apocynin or ATR1 blockade may
have induced reductive stress and corrupted redox signaling
in a manner similar to that of oxidative stress. Measurements
of p38 and Akt activation supported the authors’ contentions
that either reductive or oxidative stress corrupts redox-
dependent Akt and p38 MAP kinase activation. This concept
of redox-dependent signaling in collateral growth corrobo-
rated our findings (85), in which we reported that redox de-
pendence of coronary collateral growth parallels an optimal
level of reactive oxygen species and p38 MAP kinase activa-
tion.

Taken together, a proper redox state is requisite for coro-
nary collateral growth, and this provides at least a partial
explanation for the previously observed controversial effects
of ACE inhibition and ATR1 blockade on angiogenesis. In the
setting of a normal redox state, ACE inhibition and ATR1
blockade inhibit collateral growth because they induce re-
ductive stress. Under conditions of elevated oxidative stress,
these interventions will stimulate collateral development be-
cause they reduce the oxidative stress to a normal redox state.

Stimulation of Collateral Growth in Patients

A consensus in the literature exists regarding oxidative
stress as a corrupting influence on coronary collateral growth
in animal models (35, 82, 114) and in patients (10, 104, 120).
Yet other literature suggests the opposite, that exposure to
ROS produced by hypoxia/reoxygenation induces angio-
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genesis (47, 65). The critical issue is the level of ROS being
produced and how that affects growth factor-dependent
redox signaling. It is an oversimplification to think that the
relation between ROS production and vascular growth are
in direct proportion, because clearly too many ROS have an
inhibitory effect on coronary collateral growth. As we dis-
cussed previously, oxidative stress can corrupt growth-factor
signaling. This was apparent in our previous work in which
oxidative stress adversely affected VEGF signaling and
blocked the angiogenic actions of this factor (85). The clinical
implication of these observations relates to the failed trials of
“therapeutic angiogenesis” (the term angiogenesis under
these circumstances is a misnomer because the interventions
were intended to stimulate collateral growth) (3, 4, 55, 79, 95,
111), where growth-factor gene therapy or administration of
recombinant proteins was attempted in patients to stimulate
coronary collateral growth. Perhaps the outcome of these
trials would have been different had the investigators im-
plemented an intervention to correct the background oxida-
tive stress. The caveat to this statement is the assumption that
the oxidative stress was occurring in the various patients, but
in all likelihood, this was correct because the development of
atherosclerotic lesions usually parallels oxidative stress (33,
46, 96, 112).

To understand whether amelioration of oxidative stress
would confer a positive effect on VEGF gene therapy, we
studied coronary collateral growth in the Zucker obese fatty
rat. The Zucker obese fatty rat is a model for the human
metabolic syndrome, because it shares many of the same af-
flictions including obesity, insulin resistance, hyperlipidemia,
hyperinsulinemia, and hyperphagia. The Zucker rats also
demonstrate endothelial dysfunction and oxidative stress (77).
We first observed that coronary collateral growth in response
to episodic ischemia was markedly compromised in the obese
rats (Fig. 4) (35). This observation was confirmed in a different
model of the metabolic syndrome, the JCR rat (82). Similar to
the clinical trials, VEGF gene therapy, in which the growth
factor was administered via transfected smooth muscle cells
that were introduced into the coronary circulation, did not
significantly improve coronary collateral growth in the obese
animals (Fig. 4). However, correction of oxidative stress with
ecSOD (SOD3), by using the same smooth muscle-based gene-
delivery system as for VEGF, partially restored coronary col-
lateral development (Fig. 4). We note that delivery of VEGF
alone in a normal animal greatly magnifies coronary collateral
growth (36). These results argue that amelioration of oxidative
stress will restore growth-factor redox-dependent signaling
and thus enable the VEGF gene therapy to stimulate collateral
growth.

One critical issue relating to these observations relates to
how ecSOD can ameliorate oxidative stress within a cell. A
number of possibilities exist. First, O, can cross the cell
membrane via Cl~ channels in a bidirectional manner, so
dismutation of this species into H,O, and subsequent catab-
olism into H,O and O, by catalase could reduce internal
oxidative stress by preventing O, influx (7) from the extra-
cellular space, which could be produced by a variety of in-
flammatory cells or release by other cell types under oxidative
stress.

Second, the metabolism of extracellular O,” would in-
crease bioavailability of NO, which would also modify oxi-
dative stress. The combined gene therapy of VEGF and ecSOD
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FIG. 4. Coronary collateral growth (as indicated —©-LZR

by the flow ratio of the collateral to the normal | _ * -8~ OZR

zone) in response to episodic ischemia was | 0757 —o- OZR-VEGE

markedly compromised in the obese rats com- [5 2

pared with lean controls. VEGF gene therapy did % E 0.50- # —9~ OZR-SOD/VEGF

not significantly increase collateral flow; however, |5 2 . 5

combined gene therapy (VEGF+ecSOD) signifi- |8 R #ii%%% \;SS %ZZF; I OZHNEGF

cantly improved collateral flow. The combined |3 0.254 '

therapy would result in a reduction in oxidative

stress that occurs in the obese rats. [Adapted from

Hattan et al. (35), with permission.] 0.00 - .

produced a much more significant increase in collateral flow
than did singular VEGF gene therapy. These results may have
significant bearing on observations that impaired coronary
collateral growth was not significantly improved in the many
trials using thVEGF or VEGF gene therapy (56, 95). Perhaps
in conjunction with an antioxidant therapy, stimulation of
coronary arteriogenesis with growth factors will become a
reality.

An additional explanation for the efficacy of ecSOD gene
therapy relates to protection of cells from extracellular
superoxide-mediated cell death. In this regard, liver cell ap-
optosis and necrosis is mitigated by adenoviral ecSOD gene
therapy (54). Moreover, it is well known that superoxide
produced extracellularly can induce endothelial cell detach-
ment and apoptosis in culture (45). Hypoxia-reoxygenation of
cultured endothelial cells induced injury of endothelial cells
by extracellular O, (99). O,  induces cell death by lipid
peroxidation of cellular membranes. Lipid peroxidation is
increased in obese patients (52) and in the plasma of obese
Zucker rats (94). Additionally, O, is reported to activate
proapoptotic signaling pathways in cultured endothelial cells
(45). Thus, in addition to facilitation of VEGF-dependent
signaling, ecSOD therapy may promote endothelial cell sur-
vival and attachment, which would facilitate the actions of
VEGF.

"hedox Window

Oidative

Reductive Stibss
Coronary Sirezs
Collateral
Growth

Bedox State

FIG. 5. A diagram of the redox-window hypothesis. On
the abscissa is the redox state from reductive state to oxidative
state in a rightward direction. On the ordinate is collateral
growth. Either reductive or oxidative stress will corrupt col-
lateral growth and redox-dependent growth-factor signaling.
The critical point of this figure is that the baseline redox state
must be first determined, and only then can one accurately
predict how an intervention will affect collateral growth. For
example, in a control animal, apocynin inhibits collateral
growth (because it shifts the redox state from a normal value
to reductive stress), but in a JCR rat, apocynin stimulates
collateral growth (because it shifts the redox state from oxi-
dative stress to a normal value).

Conclusions

Coronary collateral growth is an important adaptive re-
sponse of the heart to prevent the pathologic manifestations of
ischemia. Collateral growth in the heart is initiated by ische-
mia, but the role of shear stress in the abluminal expansion of
these vessels is still unresolved. Clearly, redox-dependent
signaling plays a critical role in collateral growth in the heart,
and corruption of this signaling by either reductive or oxi-
dative stress can play a negative part in the influences and
actions of growth factors on collateral growth. This concept is
illustrated in Fig. 5, which is presents our view of the redox
window in collateral growth. This figure illustrates a hypo-
thetical window in which the redox state not only permits, but
also can amplify coronary collateral growth. A shift in the
redox state to either to an overly reductive environment or
an oxidative environment corrupts growth factor-initiated
redox-dependent signaling.

We are compelled to point out many unknown aspects
of the redox-window hypothesis. First, the boundaries of
the window are unknown. Clearly oxidative and reductive
stresses negatively affect coronary collateral growth, but the
exact redox states defining the boundaries are not yet known.
The cell type in which the redox window and redox signaling
are critical for collateral growth is unknown. Could redox
signaling be critical for myocyte expression of growth factors
in ischemia? Or perhaps for phenotypic shifts in endothelial
and smooth muscle cells from quiescent to migrating and
proliferating phenotypes? And what is the initiating signal for
the redox signaling? Is it an ROS derived from mitochondrial
metabolism or from an oxidative burst from inflammatory
cells? Taken together, the concept of the redox window is only
a first step in understanding the contributions of redox sig-
naling in coronary collateral growth. However, we can state
with conviction that before a regimen or therapy intended to
stimulate coronary arteriogenesis, it is important to know the
basal redox state to understand whether concomitant therapy
to shift the redox to the correct state is required. Quite pos-
sibly, the failure to consider the affect that alterations in the
redox state make on growth-factor signaling could be a reason
that the “therapeutic angiogenesis” trials failed in patients.
Finally, perhaps such approaches could be resurrected if
correction of the redox state is implemented concomitant with
growth-factor gene therapies.
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Abbreviations

All, angiotensin II; ACE, angiotensin-converting enzyme;
Akt, protein kinase B; ATR1, angiotensin receptor 1; CHF,
congestive heart failure; c-Src, cellular-src or cellular Schmidt-
Ruppin sarcoma gene; DETC, diethyldithiocarbamic acid;
DNA, deoxyribonucleic acid; DPI, diphenylene iodonium;
ERK1/2, extracellular signal regulated mitogen-activated
protein; FAK, focal adhesion kinase; G, /S, synthesis phase of
cell cycle; Grb2, growth-factor receptor-bound protein 2;
H,0,, hydrogen peroxide; HIF, hypoxia-inducible factor;
JCR, rat characterized by the metabolic syndrome; JNK, c-jun
N-terminal kinase; LAD, left anterior descending coronary
artery; MAP, mitogen-activated kinase; NAD, nicotinamide
adenine dinucleotide; NAD(P)H oxidase, nicotinamide ade-
nine dinucleotide phosphate oxidase; Nck, Src homology
domain-containing adaptor; O, , superoxide; OH, hydroxyl
radical; p21WAF, cyclin-dependent kinase inhibitor; p38, p38
mitogen- activated kinase; p53, protein 53; PI3-kinase, phos-
phatidylinositol 3-kinase; Pyk2, proline-rich tyrosine kinase 2;
rhVEGF, recombinant human vascular endothelial growth
factor; RI, repetitive ischemia; ROS, reactive oxygen species;
Shc, src homology 2 domain-containing; SHP, small hetero-
dimer partner protein kinase 1 and 2; SOD, superoxide dis-
mutase; SOD1, cytosolic or Cu/Zn superoxide dismutase;
SOD3 or ecSOD, extracellular superoxide dismutase; VEGF,
vascular endothelial growth factor; VEGFR1 or Flt-1, vascular
endothelial growth factor receptor 1, VEGFR2 (or Flk-1 or
KDR), vascular endothelial growth factor receptor 2; WKY,
Wistar-Kyoto rat; Y, symbol for amino acid tyrosine.
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