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Abstract

Chronic and intermittent ischemic vascular disorders represent a burgeoning clinical challenge.
Previous studies have focused on the idea that therapeutic angiogenesis strategies could alleviate
tissue ischemia; however, it is now appreciated that vascular disease is not simply limited to
vascular wall cells but also influenced by simultaneously occurring inflammatory responses. Our
laboratory has discovered that pharmacological treatment of permanent tissue ischemia with
dipyridamole significantly augments ischemic tissue reperfusion, angiogenesis, and arteriogenesis
over time. We have found that the beneficial effects of dipyridamole therapy are due to its ability
to increase tissue nitric oxide bioavailability that corrects tissue redox imbalance. Importantly, we
have also discovered that dipyridamole treatment invoking nitric oxide (NO) production
significantly downregulates various innate immune response genes during chronic ischemic tissue
injury. These findings demonstrate that dipyridamole induced production of nitrite/NO
significantly decreases inflammatory responses while increasing vascular growth in ischemic
tissues.
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Introduction

Occlusive vascular diseases remain one of the leading causes of health problems in
industrialized nations leading to ischemic tissue dysfunction. Remodeling of the vasculature
through therapeutic angiogenesis and arteriogenesis has become a primary goal for the
treatment of intermittent and chronic tissue ischemia. However, both clinical and basic
science studies reveal complex regulation of ischemic revascularization that currently
evades our ability to therapeutically enhance this response.

Angiogenesis is defined as the development of new microvessels from pre-existing
capillaries. Hypoxia triggers a cascade of events leading to increased angiogenic activity that
involves increased transcription factor activity (e.g., HIF-1), expression of various growth
factors (e.g., VEGF-A, bFGF, etc.), and subsequent endothelial cell sprouting, proliferation,
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and directional migration®. The nascent microvasculature further develops through
anastamoses and is enveloped by pericytes to form a mature microcirculatory unit. Through
this process, increased angiogenic activity is essential to restore perfusion of oxygen and
nutrients and exchange metabolic waste in ischemic tissues.

Avrteriogenesis involves the development of arteries from collateral vessels and is not
necessarily dependent on hypoxia for initiation?. Physical forces initiate arteriogenesis with
fluid shear stress (FSS) being an important factor leading to vessel structural changes®.
Integrins, tyrosine-kinase receptors, and ion channels act as sensors that detect changes in
FSS to stimulate the endothelium, thus increasing arteriogenesis®. In addition, leukocyte
infiltration into tissues also plays a key role in arteriogenesis. Following activation,
endothelial cells produce chemokines such as monocyte chemoattractant protein-1 (MCP-1)
to recruit monocytes that influence arteriogenesis activity®. Heil et al. demonstrated that
monocyte infiltration is important in modulating arteriogenesis®. In this study, the authors
showed that monocyte recruitment is important in regulating arteriogenesis activity in two
different hind limb ligation models of tissue ischemia, such that a reduction in monocyte
activity inhibits collateral vessel growth.

Leukocyte infiltration into ischemic tissues serves to activate several aspects of angiogenesis
and arteriogenesis. Leukocyte recruitment involves numerous steps, including immune cell
rolling, firm adhesion, and transmigration into the intravascular space. Proteins such as
endothelial P-selectin and E-selectin adhere to leukocyte ligands, causing increased
leukocyte rolling along the endothelial surface. Members of the immunoglobulin
superfamily proteins, such as intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1), then regulate leukocyte firm adhesion to the endothelial
cell surface. Once firmly adhered, additional adhesion molecules, including junctional
adhesion molecules (JAM’s) and platelet endothelial cell adhesion molecule (PECAM-1),
mediate leukocyte transmigration across the endothelial cell barrier. After transmigration,
leukocytes can release numerous different cytokines, chemokines, and proteases, which
induce proliferation and migration of endothelial and smooth muscle cells. Interestingly,
endothelial cell adhesion molecules themselves may also participate in angiogenic activity
by regulating endothelial cell activation, signal transduction activity, and intracellular redox
status®-10,

As vascular blockage results in decreased blood flow to areas downstream of that vessel,
functional reperfusion of ischemic tissue is rerouted around the area of blockage in healthy
animals and patients!l. However, specific beneficial approaches that facilitate reperfusion of
ischemic tissue in disease states are poorly understood and likely contribute to the inability
to translate past discoveries to the clinic. The femoral artery ligation model of the mouse
(and other animals) provides a straightforward way in which to evaluate intervention
strategies aimed at enhancing vascular growth and function. Studies using this model reveal
that enhancing blood flow through pre-existing collateral vessels and modulation of various
inflammatory responses impact vascular remodeling responses, thus highlighting diverse
mechanisms participating in therapeutic arteriogenesis/angiogenesist113,
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Dipyridamole therapy enhances vascular development in a NO dependent

fashion

Dipyridamole in combination with aspirin is used clinically as an anti-platelet drug
decreasing risk for recurrent stroke. Dipyridamole itself is known to do more than platelet
inhibition, with other biological actions being anti-inflammatory, anti-oxidant, and inhibiton
of phosphodiesterases and potentiating the effects of nitric oxidel4-18, We have recently
tested the effect of dipyridamole on blood flow restoration in a model of chronic tissue
ischemial®. We found that by day 5 following induction of chronic ischemia, ischemic limb
perfusion was largely restored. The restoration in blood flow correlated with enhanced
vascular density as well as cellular proliferation. Through the use of an endothelial nitric
oxide synthase (eNOS) deficient mutant mouse strain, we were able to identify eNOS as
playing an integral role in the revascularization process. We were able to demonstrate that
dipyridamole augmented angiogenesis due to PKA dependent eNOS activation, which
enhanced production of nitric oxide and subsequent plasma nitrite. These findings suggest
that dipyridamole therapy may be beneficial in a clinical setting of chronic tissue ischemia
by increasing eNOS and angiogenic activity. What made the effects of dipyridamole therapy
unique was not only the fact that eNOS activity was elevated but that increased bioavailable
NO emanated from non-ischemic tissue, leading to an increase in plasma nitrite anion,
supporting the hypothesis of an endocrine nitrite/nitric oxide-dependent pathway proposed
by Elrod et al.19

Nitrite anion therapy enhances vascular development effecting gene

regulation of inflammation and cellular protection pathways

We have previously shown that sodium nitrite therapy is able to enhance tissue perfusion
and angiogenesis in a model of chronic ischemia2®. We found that nitrite therapy selectively
increased ischemic tissue NO and enhanced angiogenesis in a NO dependent manner.
Dipyridamole therapy also enhanced angiogenesis by enhancing nitric oxide/nitrite
production. These findings squarely identify nitric oxide as a critical regulator of angiogenic
potential in an ischemic setting. We subsequently performed whole genome array analysis
on mice treated with sodium nitrite therapy at days 3 and 7 post-ligation?l. Our gene array
analysis showed that at day 3 post-ischemia, sodium nitrite treated animals had significantly
decreased inflammatory gene expression concomitant with an increase in genes which
function to protect and preserve skeletal muscle tissue. By 7 days post ischemia, cell
survival and tissue development genes were upregulated in the nitrite treated groups. These
gene array findings, combined with our previous report of nitrite dependent induction of
angiogenesis, suggest that nitrite therapy may facilitate vascular remodeling by modulating
inflammatory gene expression. Disruption of inflammatory gene expression may also act to
protect tissue in ischemic regions via upregulation of genes influencing cardiovascular
system development such as vascular endothelial cell cadherin, purinergic receptor P2Y, and
vitronectin, thereby allowing increased vascular cell proliferation and development in these
regions at later time points?L,
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Dipyridamole or nitrite therapy alter innate immune gene expression

Shortly following ligation (i.e., 3 days post-ligation) and induction of permanent hind limb
ischemia, increased inflammatory infiltrates occur within ischemic tissue®. This fact
combined with our previous data above prompted us to perform a PCR array focused on
innate immune response genes. To examine possible differences in innate immunity gene
expression, we performed unilateral femoral artery ligation of the left hind limb in mice to
establish chronic tissue ischemia as we have previously reported1®: 20. 22 Animals were
treated with either dipyridamole (200 mg/kg) or sodium nitrite (165 ug/kg) until three days
post-ligation, at which time gastrocnemius muscle tissue from both limbs (ischemic and
non-ischemic) were harvested for mRNA isolation. Quantitative real time PCR arrays for
innate and adaptive immune responses were used to measure the effects of both treatments
on gene expression.

Sodium nitrite therapy resulted in the downregulation of 21 genes and the upregulation of 5
genes involved in innate immune responses (Table 1). The five immune genes that were
upregulated have a paucity of information associated with them regarding their influence on
tissue ischemia or angiogenesis. The toll interacting protein (Tollip) is an inhibitory protein
in the toll-like receptor pathway, whose upregulation would corroborate attenuation of
innate immune responses?3. Differential expression of innate immune response genes,
combined with our knowledge that sodium nitrite therapy promotes endothelial cell
proliferation, indicates that certain aspects of innate immunity may be anti-angiogenic, at
least at early time points post-ischemia. TNF-receptor associated factor 6 (Traf6)
upregulation inhibits TNF-alpha induced apoptosis by downregulating the presence of
reactive oxygen species?4. Ruckdeschel et al. implicated that Trafé promotes macrophage
survival in a NF-kappa B related cascade?. Clearly, Traf6 and its anti-apoptotic nature
would work to preserve ischemic tissue until blood flow can be restored. In the same article
by Ruckdeschel et al., interleukin-1 receptor-associated kinase 2 (Irak2) was identified as
promoting macrophage apoptosis in a bacterial insult model of host immune response?>.
These two genes (Traf6 and Irak2) appear to have opposite effects such that the upregulation
of both molecules appears counterproductive. However, this could be influenced by the
temporal nature of chronic tissue ischemia, as differential gene expression occurs at both
early and late time points. Trafé may promote macrophage survival early in the angiogenic/
arteriogenic process, allowing for the delivery of cytokines that could enhance the
angiogenic potential of the tissue. At later time points, Irak2 expression could be increased
to clear tissue of unnecessary macrophages recruited for cytokine delivery.

Nitrite therapy also significantly upregulated heat shock protein 90 alpha, class B member 1
(Hsp90ab1), and macrophage migration inhibitor factor (Mif). VEGF and fluid shear stress
have both been reported to augment Hsp90ab1 binding to eNOS, where it promotes eNOS
activation leading to increased NO production in blood vessels28. The fact that Hsp90ab1
gene expression is increased suggests that nitrite therapy could establish a positive feedback
response, further promoting nitric oxide production in ischemic tissue. Mif has been shown
to inactivate p53, which inhibits angiogenesis?, implicating a possible novel role for Mif in
regulating cytoprotection and inhibition of p53 mediated responses during ischemic insult.
Together, identification of these five immune related genes indicates that modulation of
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innate immunity gene expression during chronic tissue ischemia is beneficial for vascular
remodeling and tissue reperfusion.

Dipyridamole or sodium nitrite therapy significantly downregulated expression of genes
associated with innate immunity (Tables 1 and 2). Interestingly, either treatment approach
substantially decreased IL-10 gene expression, which has been implicated in various aspects
of angiogenesis and vascular remodeling. Previous reports suggest that increased IL-10
expression is associated with pathological angiogenesis seen in cancer and retinal hypoxia
during development28-31, However, Silvestre et al. reported that IL-10 acts in an anti-
angiogenic manner during hind limb ischemia, as genetic deficiency of the molecule
augmented ischemic limb reperfusion, vascular remodeling, and VEGF expression32. Our
findings are consistent with these reports and indicate that both nitrite and dipyridamole
therapy likely augment reperfusion of ischemic tissue due to inhibition of IL-10 expression.

Dipyridamole and sodium nitrite therapy decreased Toll-like receptor 1 and 3 expression in
ischemic tissue (Tables 1 and 2). This is a novel and surprising finding, as little to no
information exists regarding the role or importance of Toll-like receptors for ischemia
induced angiogenesis or vascular remodeling. However, a previous study by Lee et al.
reported that Tlr-3 signaling may be involved in regulating endothelial cell adhesion
molecule and cytokine expression33. Moreover, Miiller et al. showed that candida albicans
activates Tlr-3/MyD88 signaling, leading to endothelial cell IL-8 expression34. These data
are consistent with a recent report demonstrating that genetic deficiency of MyD88
significantly impairs wound healing mediated by adenosine A2A receptors3®. While these
findings do not provide any clear indication as to how modulation of the Tlr pathway
regulates ischemic angiogenesis, it may be that these molecules play a more dominant role
in pathological angiogenic responses associated with chronic inflammation®: 8. Together,
these findings highlight novel innate immune responses in regulating ischemic tissue
revascularization and reperfusion that requires additional investigation in greater detail.

As we continue to understand the mechanistic basis of vascular occlusive diseases, it is
important to keep in mind that pathogenic mechanisms are multifactorial involving different
cell types and locally produced factors (e.g., cytokines/chemokines). Here we demonstrate
that regulation of innate inflammation appears to critically influence the initiation and
development of angiogenesis during chronic tissue ischemia. Sodium nitrite therapy for
permanent vascular occlusion provides protection to ischemic tissue through anti-apoptotic
gene regulation as well as altered innate inflammatory gene expression. Dipyridamole
therapy also downregulates innate immune response genes, yet its effect is more modest in
comparison to sodium nitrite therapy. In summary, both our clinical and molecular findings
clearly demonstrate that alteration of innate immune response gene expression plays an
important role in governing ischemia induced angiogenesis and vascular remodeling. These
novel insights suggest that alteration of these immune response pathways may be a useful
target for therapeutic manipulation. However, much more work is needed to understand
precisely how innate immune responses modulate ischemic angiogenesis and vascular
remodeling.
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Table 1

Sodium nitrite 3 day- changes in innate immunity gene expression

Gene Name

interleukin-1 receptor-associated kinase 2

heat shock protein 90 alpha (cytosolic), class B member 1

macrophage migration inhibitory factor

toll interacting protein

TNF receptor-associated factor 6

hypoxanthine guanine phosphoribosy! transferase

interleukin 1 receptor-like 2

glucuronidase, beta

toll-like receptor 2

caspase 1

collectin sub-family member 12

complement factor properdin

interleukin 1 receptor accessory protein

platelet-activating factor receptor

Interleukin 1 Receptor Antagonist

toll-like receptor 6

heme oxygenase (decycling) 1

CD14 antigen

toll-like receptor 9

interleukin 1 receptor, type |

toll-like receptor 1

interleukin 1 receptor, type 11

toll-like receptor 8

chemokine (C-C motif) receptor 3

interleukin 10

pro-platelet basic protein
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Fold Change

p-value
0.030080
0.040898
0.046379
0.019830
0.026126
0.045531
0.029575

0.032143
0.034887
0.019856
0.037695
0.002484
0.017015
0.046303
0.002026

0.028804
0.032096
0.013929
0.034892
0.003264
0.001952
0.027270
0.034340

0.003930
0.028143
0.010765
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Dipyridamole 3 day- changes in innate immunity gene expression

Gene Name Fold Change | p-value
interleukin 10 -2.73 0.025868
toll-like receptor 1 -2.07 0.036956
toll-like receptor 3 -1.6 0.039925
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