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1. INTRODUCTION

Cardiovascular disease is a major cause of mortality and
morbidity. Current research investigating the roles of nitric oxide
(NO) with relevance to the cardiovascular system is an area of
immense interest. NO is recognized for its protective role within
the vasculature, as well as its influential role in many related
physiological systems. In particular, NO is a desirable molecule in
research focused on cardiovascular interventions, and thus, more
recently, a flurry of research in the field of cardiovascular surgery
and biomaterials has placed NO-eluting cardiovascular stents in
the spotlight. NO is a diatomic, nonpolar stable free radical with a
N—O bond length of 1.15 A and was first identified by Joseph
Priestly in the late 18th century. The unpaired electron, residing
in a * molecular orbital, confers a great aflinity for other
biological molecular species with lone pairs of electrons, as well
as d; orbitals of transition metals, notably iron (Fe*"). It was first
considered to be a simple gaseous molecule until the 1980s, when
it was found to be present in vascular endothelial cells (ECs) and
to perform a significant role in facilitating acetylcholine’s vaso-
dilatory effect, called endothelial-derived relaxing factor (EDRF)."*
Later, it was recognized that this vasodilatory factor was indeed
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NO.> NO is produced and released endogenously by endothelial
cells (ECs) at a rate of approximately (0.5—4.0) x 10~ " mol cm >
min~ ', and its rapid diffusion across the cell membrane is faciliated
by aquaporin-l channels.* Tt was found that NO is a potent
stimulant of soluble guanylyl/ guanylate cyclase (sGC), which
catalyzes the conversion of guanosine 5'-triphosphate (GTP) to
cyclic guanylate monophosphate (cGMP), which, in turn, regulates
many significant biochemical pathways in the vascular system.”
NO has been found to interact with a range of metallo roteln—
containing structural complexes including hemoglobin™'® and
has been associated with many biochemical and physiological
processes.' "> Most interestingly, the cardiovascular protective
role of the endothelium has been attributed to NO. The endothe-
lium is in intimate contact with the blood flow and consists of a
single layer of ECs that functions as a dynamic organ and covers
the entire surface of the circulating system from the heart to the
smallest capillary.

Cardiovascular disease is associated with a relatively high
degree of mortality and morbidity. Coronary artery bypass graft
(CABG) surgery, percutaneous transluminal coronary angio-
plasty, and stenting are current options for treating occluded
or stenosed coronary vessels."> For patients requiring bypass
surgery, the saphenous vein, internal mammary artery, internal
thoracic, or radial artery are the grafts of choice; however, 5—30%
of patients have no suitable veins or arteries available because of
previous use or diseased vessel walls. Currently, commercially
available synthetic bypass grafts are made from either expanded
polytetrafluoroethylene (ePTFE) or poly(ethylene terephthalate)
(Dacron). Although these are adequate for larger vessels (with
internal diameters of >6 mm), they are not suitable for smaller-
diameter vascular bypass surgery, resulting in a high rate of graft
failure, thus leading to life-threatening conditions or requiring
“revision” surgery. For example, bypass graft surgery performed
with ePTFE for lower limb occlusion has a patency of 25% after
S years, and 75% will be blocked and requlre rev1$10n surgery, with
alarge number leading on to amputation.' '6Vascular stents that
are used to repair occlusions up to 70% of the native vessels also
require a greater modulation of their antithrombogenic effects:
despite the success of current modifications to bare-metal stents
with cell-proliferation-inhibiting drugs such as sirolimus and
paclitaxel, stents have also proved to induce late thrombosis and
restenosis.”” 2! Furthermore, there is evidence to suggest that
drug-eluting stents might inhibit EC adhesion and proliferation.”
The overall success of cardiovascular interventions is limited
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because of thrombosis and the formation of intimal hyperplasias
(IHs) and ischemia reperfusion injuries (IRIs), which occur during
surgical interventions.”>

Thrombotic complications are commonly addressed with
antiplatelet therapy,”® but they are not without their complica-
tions. Long-term use of systemic anticoagulant drugs such as
heparin and warfarin has been shown to be associated with
several side effects, and there are concerns of reduced hemostasis
associated with increased risk of bleeding.29 In addition, a
significant number of grafts encounter early graft occlusion
despite anticoagulants such as aspirin because of a condition
that could be described as aspirin resistance.’® Thus, there is
great interest and potential in the quest to develop cardiovascular
devices that resist thrombosis. Vascular interventional proce-
dures are associated with injury to the luminal endothelium by
surgical trauma including stretching of the vessels, altered flow
dynamics at the site of anastomosis, and distal outflow segments.
For example, angioplasty is a controlled traumatic event aimed at
causing plaque rupture. However, the absence of a fully func-
tional endothelium (as with synthetic polymeric grafts) or
damage to the native endothelium impairs the synthesis of
protective NO. The in situ endothelialization of cardiovascular
implants including bypass grafts following implantation has been
recognized as a favored solution for enhancing graft patency
rates.'®*' ~3* However, there is a time interval of approximately
6 weeks between bypass graft implantation and complete endo-
thelialization during which the adverse effects associated with
platelets such as adhesion, aggregation, and activation can be
pronounced. Therefore, the enhancement of the protective
mechanisms associated with NO elution in situ postimplantation
over time is of keen interest.

Complications associated with ischemia reperfusion injuries
are currently addressed with the therapeutic process of precon-
ditioning. The efficacy of preconditioning, which is the process of
periodic vascular occlusions followed by reperfusion events, is yet
to be confirmed, as the procedure is time-consuming; therefore,
an alternative expeditious procedure is desirable. IRIs, which
demonstrate a great and complex association with NO but
without a clear indication of NO's defined role, are an interesting
topic of discussion, as NO might hold the key to the modulation
of IRIs. The significant vascular protective features of NO apart
from antithrombogenic properties and IRI include antiprolifera-
tive and migration inhibitory effects on smooth muscle cells
(SMCs), which is often associated with TH**** and antibacterial
surface p1‘0perties.36’3’7

Considering the vast amount of information regarding NO in
physiological systems and endeavoring to maintain a focus on
cardiovascular interventions, this article is organized under two
main themes. First, the article aims to address and highlight the
significance of NO in thrombosis and IRIs associated with
vascular interventions, as such processes limit the rate of graft
patencies. Thus, the article presents both in vitro, in vivo, and
clinical studies. Second, the most recent research into the
biochemistry of NO formation, regulation, desensitization, and
modulation in the circulation is reviewed. This theme also
includes a discussion of varied possibilities of functionalizing
grafts to activate the NO—sGC—cGMP pathway to obtain
potent effects and to enhance the protective functions and
elevate the success rate of cardiovascular graft surgery. However,
the two themes are not mutually exclusive. References are
presented for further consideration by the interested reader for
more detailed discussions related to the core chemistry of NO.

2. NITRIC OXIDE IN MODULATING THROMBUS
FORMATION

Graft thrombogenicity is a major complication that limits
cardiovascular graft patency rates and surgical success. At sites of
vessel injury in the absence of NO, cascades of events lead to
thrombus formation. Basic mechanisms of platelet adhesion and
aggregation that would occur in a natural vessel in the event of
vascular injury indicate similar features on a thrombogenic
polymer surface (Figure 1). After implantation and exposure to
blood flow, serum proteins are instantly adsorbed onto luminal
surfaces of the grafts by a dynamic process known as the “Vroman
effect”, and these proteins act as ligands for platelet receptors.
Enhanced platelet interactions with the material surface also can
be facilitated by topographical events and irregular flow patterns
due to mismatch of mechanical properties between native
arteries and bypass grafts. Hence, current research is aimed at
studying surface modifications and enhancements in the design
of existing cardiovascular implants to achieve optimal and
favorable interactions with blood and host tissues.

NO is recognized to be a highly reactive multifunctional
molecule with ideal functional properties that is desirable for
maintaining graft integrity, particularly in the absence of a fully
functioning endothelium (Figure 2). It has been shown that NO
can directly influence platelets to induce antithrombotic effects.”®
Figure 3 illustrates the roles of NO following its diffusion from
the ECs across the platelet membrane and within the platelets
after binding to the heme moiety of sGC. Binding interactions
mediated by vWF 0233 integrin and glycoprotein if3 are required
for platelet adhesion and aggregation and were found to be
regulated by NO donors.* S-nitrosoglutathione (GSNO), a NO
donor, was shown to inhibit platelet aggregation on immobilized
vWEF, but no effect was apparent in platelet adhesion. The protein
thrombospondin-1 has been found to act as a promoter of
platelet aggregation and inhibitor of antithrombotic activity of
NO by exerting an inhibitory effect on the NO—cGMP
pathway.** NO has also been observed in the phosphorylation
of 0233 integrin interactions and found to mediate platelet
adhesion to immobilized fibrinogen and a231 interactions with
collagen. NO has been shown to directly regulate integrin 33
phophorylation and S-nitrosylation of cysteine residues, thus
interfering with the platelet—extracellular matrix interactions by
reversing the activated integrins on platelets to a more stable
inactive state.*' ~** Factor X111 (fibrin-stabilizing factor) is the
last factor in the coagulation cascade that stabilizes the platelet
plug leading to the formation of a stable clot. NO has been shown
to inhibit factor X111 both in vitro and in vivo by S-nitrosylation
of one of its highly reactive cysteine residues.*’ Despite the major
similarities, NO synthase (NOS) in platelets is distinct from
NOS produced in ECs.*® Arachidonic acid was found to be one
such inhibitor that reduces NO and cGMP levels in platelets, thus
enhancing their aggregatory effects.”” Aspirin is known for its
antithrombogenic effects and has been found to increase the
production of NO by enhancing NOS activity in platelets and
decreasing NOS phosphorylation. When NO levels were deter-
mined from cGMP measurements, it was found that aspirin had a
stimulatory effect on NO synthesis. The increase in synthesis was
found to be through the acetylation of NOS, which was deter-
mined by liquid chromatography tandem mass spectrometry
(LC/MS/MS).*®

Both endogenous and exogenously introduced NO can efhi-
ciently modulate platelet activation under in vivo conditions to
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Figure 1. Platelet activities in thrombus formation in the absence of nitric oxide. The role of platelets in thrombus formation includes the following
steps: (1) Platelet adhesion, which involves interactions of 0231 with collagen, GP Ib-IX with the von Willebrand factor (vWF), a.S31 with fibronectin,
and at11b33 (GP11b/111a) with fibrinogen/vWF. (2) Initial activation and shape change, in which adhered platelets initially become activated with the
interactions with thrombin, ADP, epinephrine, and platelet factor-4 and thrombin converts fibrinogen to fibrin, which also contributes to platelet
activation. NO mediated through protein kinase A has been shown to have a potent effect on inhibiting the shape change of platelets, which is the initial
step of platelet activation. (3) Secretion of platelet substance, whereby the primary activation of the preceding factors induces the release of signaling
molecules including calcium, PDGF (platelet-derived growth factor), IP3 (inositol 1,4,5-trisphosphate), and DAG (diacylglyerol); the liberation of
arachidonic acid; and the conversion to prostaglandins and lipoxygenase products. (4) Extensive shape change and aggregation. Upon activation,
platelets undergo a shape change and becomes spherical, elongated with pointed pseudopodia. Thus, platelets respond with distinguishable
morphological changes, followed by aggregation with the formation of fibrinogen bridges through interactions particularly with 0t11bf33 of activated

platelets. (S) Thrombus formation. Modified with permission from ref 222. Copyright 2006 Nature Publishing Group.

provide antithrombogenic surface properties.”®*”® Patients
with advanced coronary risk factors, with conditions related to
unstable angina and myocardial infarction (MI), show less NO
produced in situ than healthy patients (both endothelium-
derived and platelet-derived NO) and impaired responses to
NO production and increased platelet activation.”** A study in
which healthy volunteers were administered with intravenous
infusion of NO synthase inhibitor .-NAME showed increased
blood pressure and reduced phosphorylation of platelet vaso-
dilator-stimulated phosphoprotein, a known indicator of NO
signaling, whereas the administration of the NO donor glyceryl
trinitrate (GTN) restored the levels of markers for platelet
activation to normal physiological levels.>” 1-Arginine, which is
a precursor of NO, when applied in a porcine model of deep
venous thrombosis (DVT), has been demonstrated to preserve

endothelial vasoreactivity and reduce platelet adhesion.”* A
great number of articles have presented comprehensive re-
views on the potential antithrombogenic properties of NO
donors incorporated into biomedical devices.”>® Figure 4
is an illustration of the main chemical functionalizing methods
that are currently in research aimed at NO elution from
vascular grafts.

We have developed®” and patented®® a family of nanocompo-
site polymers that is based on poly(carbonate urea)urethane
(PCU)* and functionalized with S-nitroso-N-acetylpenicillamine
(SNAP) covalently attached to polyhedral oligomeric silsesquiox-
ane (POSS) nanoparticles, which self-assemble on the surface,
thus rendering greater hydrophobic properties and relatively
prolonged retention in the graft. POSS—PCU was extruded by
combining porogen leaching and phase-inversion coagulation
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Figure 2. Biological effects on grafts that release NO and pathological events on graft surface in the absence of NO. (A) Small-diameter vascular grafts
following implantation tend to fail mainly because of thrombosis and intimal hyperplasia. Biologically and mechanically unoptimized vascular grafts do
not promote endothelialization, but they do facilitate the adhesion and proliferation of SMC from the site of anastomosis as a response to injury and lead
to overall thrombus formation with the adhesion of RBC and platelets on graft lumen, leading to graft occlusion. Highlighted are the molecular events
leading to platelet adhesion, aggregation, and thrombus formation. (B) The presence of NO prevents platelet adhesion and aggregation, SMC
proliferation, migration as well as promotes endothelialization thus maintaining a smooth blood flow through vascular grafts. Highlighted are the NO-
mediated mechanisms that modulate platelet activities and are discussed further in this section. Modified with permission from ref 223. Copyright 2003

Nature Publishing Group.

techniques into small-diameter conduits® to have a porous
luminal interior that behaves mechanically similarly to a natural
artery with similar viscoelastic properties. The NO-donor-
incorporated POSS—PCU grafts have demonstrated excellent
antithrombogenic surface properties compared to commer-
cially available ePTFE grafts, when they were tested in vitro
as well as in preclinical trials in a large animal (sheep) model
under good laboratory practice (GLP)/good manufacturing
practice (GMP) conditions (Figure ) and are currently under-
going clinical trials.

2.1. Stimulation of Endothelial Cell Proliferation and Inhibi-
tion of Apoptosis

NO is recognized as a major regulator of endothelial progeni-
tor cell (EPC) mobilization, differentiation, and function. Most
interestingly, NO mobilization of progenitor cells has been
shown to be specific for EPCs with the ability to distinguish
from hematopoietic stem cells.’" This is certainly of interest with

the prospects of employing NO to mobilize high-quality EPCs
from the bone marrow, without the potential deleterious side
effects of currently used EPC-mobilizing agents where a
heterogeneous cell population becomes mobilized. Many
other factors invovled in EC migration, such as adhesion
and proliferation, are found to be linked to NO. For example,
angiotensin II has been demonstrated to promote significant
levels of NO and inhibit bone-marrow-derived EPC apoptosis,
and these effects have been shown to be reversed when NO
inhibitors were applied, thus demonstrating the NO-mediated
effect on EPC adhesion and inhibition of apoptosis.®> Ery-
thropoietin is recognized for its significant roles in the vascular
system,63 and its role in EPC mobilization, re-endothelializa-
tion, and prevention of IH has been shown to be through the
activation of eNOS.*¥%*

It has been shown that IGFBP-3 can increase eNOS expres-
sion in human EPCs, thus leading to NO generation and cell
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suppression of platelet activity is mainly mediated through sGC. NO diffuses across the platelet membrane/synthesized from platelet NOS, and within
the platelet, it binds to the heme moiety of sGC. NO acts on several targets that are recognized by antiplatelet drugs, as shown in the figure:
(1) generation of cGMP by NO binding to the heme moiety of sGC and facilitation of catalysis of GTP to cGMP, which acts as a second messenger;
(2) enhancement of calcium ATPase-dependent refilling of intracellular calcium stores and inhibition of PI3K activation; (3) as a result of 1 and 2,
suppression of intracellular Ca>" and downregulation of P-selectin expression; (4) induction of phosphorylation of thromboxane A2 (TXA2) receptors
and prevention of TXA2-mediated activation, as well as reduction of TXA2 synthesis through inhibition of the conversion of arachidonic acid to
prostaglandin G2 and H2; () action of cGMP-dependent protein kinases to inhibit platelet P2Y12 and thus suppress platelet activation; (6) modulation
of fibrinogen cross-linking through at11b33 by downregulation of a11b33 available for fibrinogen and inhibition of al11b33—vWF binding, as well as
increased dissociation of 0t11b/33 fibrinogen; and (7) diffusion to adjacent platelets and prevention of thrombosis.

migration.®® A study performed in eNOS-deficient mice has
demonstrated that eNOS expression in bone marrow cells is a
major regulator of EPC (CD34+/Flk-1 + progenitor cell)
mobilization, where the NOS-null mice were not able to recover
from defective neovascularization following a bone marrow
transplant but positively responded to an intravenous (IV)
infusion of wild-type EPCs, thus demonstrating the impaired
mobilization of bone marrow in NOS knockouts.®” It has also
been shown that CO-dependent accelerated EC proliferation
and bone-marrow-derived EPC mobilization is mediated by
NO.% The direct introduction of NO has an effect in enhancing
EC adhesion and proliferation, and hence, NO-exuding materi-
als have the potential to promote graft endothelialization.*” The
nitrates derived from pentaerythritol trinitrate (PETriN) and
isosorbide dinitrate (ISDN), which induce lower oxidative

stress on EPCs, have led to greater increased levels in the
circulation.”®

Hyperglycemia associated with diabetes mellitus is known to
be linked to endothelial dysfunction and production of reactive
oxygen species (ROS) and reduced EC superoxide dismutase
(SOD) activity, and this is in parallel with EPC dysfunction.
This influences NO bioavailability, and thus vascular conditions
with a NO deficit become aggravated through interactions of
available NO with the rapid ?roduction of free radicals, leading
to higher oxidative stress.”' Homocystein, which is a thiol-
containing amino acid, is known to cause endothelial dysfunc-
tion by causing EC apoptosis and vascular lesion formation.
NO in the form of exogenous donor SNAP and adenoviral
transfer of iNOS gene transfer has been shown to suppress
endothelial damage induced by homocystein, and NO donors

5746 dx.doi.org/10.1021/cr200008n |Chem. Rev. 2011, 111, 5742-5767



Chemical Reviews REVIEW

Ascorbate
Oor
R S

Dehydro
-ascorbate

Copper 2+
Ascorbate

Physiological
pH and temp

Poly hase Blood B

0
Nl

/¢°®

S-n thiols

R

Figure 4. Current methodologies for NO donor incorporation into polymers. Polymer phase (in blue) indicates the compounds that can be integrated
into polymeric implants, to interact with the compounds naturally present in blood (in red) to produce NO when the implants are introduced into the
vascular system. Immobilization of (A) diazeniumdiolate {[N(O)NOJ,} and (B) S-nitrosothiols (RSNO) in polymers, which act as direct NO donors
and can promote NO release under physiological conditions. These reactions can be catalyzed by factors such as light, copper, and reducing agents such
as ascorbate. (C) Endogenous catalysis of NO formation by immobilized metal ions serves as an alternative to direct NO donors. Immobilization of
lipophilic copper complexes®** such as Cu(II)-cyclen is illustrated. These metal-immobilized polymers can produce NO when in contact with plasma
nitrosothiols . NO release is facilitated in the presence of a reducing agent such as ascorbate and glutathione. Organoselinium has also been immobilized
in polymers to facilitate NO release by a similar mechanism.**® This illustration presents an overview of the possible methods of direct synthesis of NO
that can be adapted for use in a range of cardiovascular implants. However, these basic methods need to be adapted and optimized to suit particular
polymers and the cardiovascular implants of interest.

also suppressed the expression of stromal-cell-derived factor, leads to poor clinical outcomes including mortality. Histological

which is induced by homocystein.”> evidence of IR has been reported in angroximately 25—45% of
patients who died after CABG surgery.

IR injury due to cardiovascular surgery is different from

naturally occurring MI and is associated with characteristic

3. ROLE OF NO IN ISCHEMIA REPERFUSION INJURY (IRI)

Patients suffering from acute myocardial infarction (MI) can changes in functional and molecular features, including reperfu-
be effectively treated with prompt restoration of the blood flow sion arrhythmias; microvascular dysfunction; low cardiac output;
with thrombolysis, percutaneuos coronary interventions, or myocardial stunning; altered cytosolic and mitochondrial Ca*"
bypass graft surgery. However, in the 1960s, a study in a canine levels; mitochondrial metabolism; permeability; cytoskeletal
model identified a paradox, where the expeditious myocardial fragility; and alterations in noncardiomyocytes, which include
reperfusion following coronary ligation caused additional injuries platelets, ECs, and inflammatory reactions.”®””
to the cardiomyocytes; this is referred to as reperfusion injury.”> Hypergeneration of free radicals including superoxide (O, "),
However, delayed reperfusion has not proven to be beneficial peroxynitrite (ONOO ™), hydrogen peroxide (H,0,), and hy-
and has been shown to aggravate organ injury.”* A recent study droxyl radicals (¢OH) is a major mechanism of concern, as these
performed to determine the optimal time for CABG following can trigger cellular damage by interacting with proteins and lipids
MI was found to be 3 days and had a better outcome compared to and opening mitochondrial permeability pores, which leads to a
that performed after 2 days.” There is a high mortality rate for cascade and cyclic increase in free-radical generation.”® Free-radical
patients with acute MI associated with reperfusion injury, which oxidative stress notably leads to depletion of tetrahydrobiopterin
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incubated at 37 °C on a shaker. SEM images of the washed polymer samples following the platelet incubation are shown. (B2) Porous interior of
POSS—PCU—NO with no platelets attached. (B3) Highly aggregated platelets that form pseudopodia on ePTFE, thus demonstrating a thrombogenic
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model. Currently, the grafts are undergoing preclinical trials in sheep under GLP to proceed to clinical applications.

(H,4B)” and dysfunctioning of NOS, thus reducing the synthesis
of NO by uncoupling the enzyme and leading to O, and free-
radical synthesis instead of NO.*" r-Arginine and H,B have
been shown to ameliorate IR-induced endothelial dysfunction
in patients with coronary artery disease, as evidenced by
restored endothelium-dependent vasodilation.*" NO acts in
hypoxic conditions to lead to greater myocardical oxygen
delivery and consumption,® and cytochrome ¢ oxidase has
been found to play a major role in regulating NO. At higher
oxygen concentrations, cytochrome c oxidase is predominantly
in an oxidized state and binds reversibly to NO when compared

with low oxygen states.*”** NO is primarily recognized to be a
protective from IRI, and removal of NO has been shown to
elevate IR injury in experimental models,*** but its role in
protection from IR injury is not without controversy. However,
the protective effects of NO in IRI have been recognized to be
possibly associated with a range of reactions including reaction
with superoxides, vascular smooth muscle relaxation, antiplate-
let activating factor, antiadhesion molecules, cytokine modulation,
vascular permeability modulation, protection of the microvascu-
lature integrity, antimicrobial effects, antiapoptosis effects, and
antiendothelin effects.®” Table 1 presents a summary of recent
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studies performed to investigate the role of NO in experimental
models of IR.

Ischemia-induced acidosis is known to reduce guanylyl cyclase
(cGC) activity, thus creating a NO-unresponsive state despite
the high levels of NO; therefore, cGMP activation (although
possibly not solely because of an increase in NO concentration)
is considered as a promising strategy for lowering ML*® Xanthine
oxidase (XO), a metalloflavoprotein, is involved in superoxide
synthesis and H,0, free-radical generation during reperfusion
using xanthine and hypoxanthine, which is produced in abun-
dance during ischemia and thus plays a central role in inducing
oxidative injury. NO has been shown to inhibit XO. High
concentrations of NO are not considered favorable and are
involved in mediating peroxynitrite formation. However, free
radicals in IR injury might not all be detrimental and might
actually play a cardioprotective role,*” for instance, peroxynitite
and NO in the presence of superoxide can inhibit xanthine
oxidase in a dose-dependent manner throu%h the disruption of
the molybdenum active site of the enzyme.” Ischemic precon-
ditioning is a proposed mechanism to modulate the detrimental
effects of IR, which is found to occur through upregulation of
NOS! and the absence of eNOS, resulting in the removal of the
cardioprotective effect of ischemic preconditioning.”> The upre-
gulation of NOS has been shown to be possibly linked to
recruited EPC,”* although it has been shown that exogenous
NO can enhance EPC upregulation. iNOS expressed in cardio-
myocytes in the late phase of ischemic preconditioning has
shown to impart cardioprotective effects through decreased
expression in free radicals and inhibition of mitochondrial
permeability.”* Overexpression of eNOS has shown to maximally
protect against IRI in a similar fashion to preconditioning in a
study in which the infarct sizes were compared in a mouse heart
model.”®> Overexpression of nNOS in cardiacmyocytes has also
shown to be cardio protective through nitrite mediated inhibition
of mitochondrial function in addition to reduction in reactive
oxygen species resulting a significantly reduced infarct size.”®

During impaired ability of NOS, NO can become available
through nitrates and nitrites, thus conserving the cellular energy
used in oxidation.””®® Nitrates and nitrites, which are available
from dietary sources and also from endogenous stores, are
formed as oxidation products of NO (Figure 6). The main
reduction mechanisms of nitrates and nitrites that lead to NO
synthesis include reduction by deoxyhemoglobin, cytochrome ¢
oxidase, protons, and XO, which have been reviewed in detail
elsewhere.””'®" The mechanisms of NOS phosphorylation can
also be considered as protective against IRI associated with myo-
cardial injury as human erythropoietin, which plays a role in such
NOS modulation has been shown to be protective while being
involved in enhancing coronary endothelial NO synthesis."*

Elevation of NO and c¢GMP has been observed during
sustained ischemia, which might be a feedback mechanism.
The summary of recent studies (Table 1) underscores a clear
role for NO in reducing IR, as well as a possible role in ischemic
preconditioning. However, the detailed mechanisms of these
procedures are yet to emerge and thus warrant further studies to
clarify the role of NO.

4. BIOCHEMISTRY OF NO: VASCULAR NO SYNTHESIS
AND BIOAVAILABILITY

NO synthesis in the cells is catalyzed by three isoforms of NO
synthase (NOS), namely neuronal NOS (nNOS or NOS1),

diet

\

oxyhemoglobm

\é,/

NOS Deoxyhemoglobin/myoglobin
Keys: Xanthine oxidase

oxygen

NO nitric oxide Respiratory chain enzymes

NO synthase
NO, nitrite Aldehyde oxidase
NO; nitrate Protons

Vitamin C, polyphonols

Figure 6. Main mechanisms of NO synthesis in addition to NOS. The
bioactivity of NO is acutely terminated by its rapid oxidation to nitrite
and nitrate. In blood and tissues, nitrite can be further metabolized to
NO and other biologically active nitrogen oxides by enzymatic and
nonenzymatic pathways, most of which are greatly enhanced under
hypoxic conditions. Adapted with permission from ref 100. Copyright
2009 Nature Publishing Group.

inducible NOS (iNOS or NOS2), and endothelial NOS
(eNOS or NOS3)."%%'%* Thus, a great deal of research focuses
on the mechanisms of regulating the synthesis of NO as
diagnostic and prognostic approaches to vascular disease.
Table 2 presents the distinct features between the NOS
isoforms, and Figure 7A illustrates NOS, which is a heme—
thiolate enzyme that shares features with cytochrome
P450, except that it has a unique association with H4B and
calmodulin. NO is generated by oxidation of the terminal
guanidino nitrogen of L-arg in the presence of dimerized
NOS (Figure 7B)."%'% L-Arginine, which has a major role
as a NOS precursor, has significant implications in coronary
atherosclerosis. Availability of L-arg (which is found to be
1—2 mmol/L in freshly isolated ECs) is therefore a critical
factor in determining eNOS activity.'*

Various endogenous NOS inhibitors such as asymmetrical
dimethylarginine (ADMA) and N-guanidino monomethyl argi-
nine (NMMA) have been shown to be involved in vascular
disease states including atherosclerosis and to impart proathero-
genic conditions, which are associated with reduced levels of
NO.'?7'%® ADMA, as an endogenous competitive inhibitor of
NOS, a robust prognostic value for mortality after MI in a
study performed with blood serum of 249 patients with acute
MI whose circulating levels of ADMA were observed.'®” NO
can potentially subject NOS to a feedback inhibition as NO is
a heme diatomic ligand. However, transport of NO away from
the site of synthesis and competitive binding of O, might be
involved in controlling the rate of inhibition. Dimethylargi-
nine dimethylaminohydrolase (DDAH) is known to catalyze
ADMA to citrulline, and thus, endothelial dysfunction has
been shown to suppress DDAH activity, thereby allowing an
abundant presence of ADMA and leading to reduced NOS
activity. 1o
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Table 2. Forms of NOS, Their Cellular Locations, and Ca>"/CaM Dependence and Inhibitors

enzyme cellular distribution

eNOS, NOS3*¥ caveolin of ECs, platelets, RBC, cardiac
myocytes, and others
nNOS neuronal tissue, cardiac myocytes yes
(sarcoplasmic reticulum),
endothelium of blood vessels***

iNOS macrophages, liver, SMC (in soluble form) no

Ca’"/CaM dependence

yes (membrane-bound eNOS)
less dependent (Golgi-associated eNOS

NOS inhibitors

NG-nitro-L-arg methyl ester (.-NAME
)** asymmetrical dimethylarginine (ADMA)

N-guanidino monomethyl arginine (NMMA)

NG-nitro-L-arginine (LNNA)**!
S-methyl-L-thiocitrulline
(nNOS-selective inhibitor)

COOH

Reductase

:

8

®

CaM
Ca2+

Reductase Oxygenase
___
COOH NH,

Dimerised NOS

CH CH

N-Hydroxy-L-arginine Citrulline

Figure 7. Nitric oxide synthase. (A) eNOS ranges from 135 to 160 kDa and has a dimeric structure. The dimerization is catalyzed by the binding of

heme. Zn binding in the dimer interface help stabilize the dimer.**” This dimerization process was found to be crucial to the catalytic activity and H,B.

228

H,B poses a permanently bound position to NOS as it cycles between a fully reduced and an electron-oxidized form. eNOS is the major form of NOS
that is involved in the vascular system and is highly dependent on calcium, thus facilitating calcium-concentration-specific modest synthesis of NO.
(B) NO is generated through oxidation of the terminal guanidino nitrogen of L-arginine (L-arg) in the presence of dimerized NOS with the association of
cofactors, including nicotinamide adenine dinucleotide phosphate hydrogen, flavin adenine dinucleotide, and flavin mononucleotide. In addition to the
essential cofactors, chemical stimuli such as acetylcholine, bradykinin, estrogensphingosine 1-phosphate, H,O,, and angiotensin II and mechanical
stimuli such as laminar shear stress and cyclic strain can also influence eNOS activation. (C) NO synthesis catalyzing cofactor, tetrahydrobiopterin H,B.

Administration of L-arg is generally accompanied with a
favorable effect of vascular protection, and polymerized L-arg
has demonstrated a significant enhancement in coronary blood
flow as observed in a rat model of cardiac transplantation,'"'"?
as well as therapeutic effects in IRI. However, a paradox arises as
the levels of r-arg in ECs are generally present in adequate
amounts to saturate NOS. In addition, L-arg can be resynthesized
from L-cit, which is a byproduct of L-arg, thus presenting a surplus

of L-arg for endothelial NOS. Nonetheless, introduction of
exogenous L-arg inevitably enhances the NO-mediated vascular
protective features, suggesting that L-arg might act on more
NOSs other than the ECs such as red blood cells (RBC) and
platelet NOS and also might present a strong positive competi-
tion against NOS inhibitors. The phosphorylation of specific
residues such as Ser633/635 and Ser1177/1179 on eNOS
has been shown to enhance its activity with increased NO
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production. Recent studies have shown that AMP-activated
protein kinase (which is primarily recognized for its role in
regulation of cellular energy balance) is the primary kinase that
phosphorylates eNOS Ser633/635.''%!'* AMPK can directly
phosphorylate Ser1177 as well as Ser633, and both are associated
with eNOS activation.

Extraction of the saphenous vein from patients undergoing
bypass surgery with a minimal handling technique has been
found to present advantages over the conventional methods by
facilitating the preservation of peri-adventitial tissue and endo-
genous NOS to a greater extent. Thus, such grafts are capable of
releasing greater levels of NO while offering a greater potential
for enhanced patency rates.''> A recent study that compared
the use of endoscopic radial artery harvesting using vascular
strippers with the “no touch, minimal handling technique” on
200 participants for CABG surgery demonstrated that the
minimally invasive surgical procedure retained greater integrity
of the endothelium, thus preserving NO activity.'® However, the
presence of peri-adventitial adipose tissue in vessels, in addition
to promoting ROS synthesis, has been shown to inhibit the
synthesis of coronary endothelium-derived NO through protein
kinase C (PKC)-f3-dependent, site-specific phosphorylation of
Thr459, an inhibitory site of eNOS.""” Thus, these findings
might suggest a need to modify the protocols for handling
periadventitial tissue of vessels extracted for bypass surgery for
greater retention of NO activity.

Biofunctionalization and surface modification of the poly-
mers with L-arg for vascular grafts or stent coating is a relatively
novel concept, and our group is currently investigatin§ this
concept using POSS—PCU nanocomposite polymer.''® The
preliminary results are promising, with potent antithrombo-
genic surface properties (Figure 8). The hypothesis has led to a
study in the absence of a functional endothelium, where NOS in
platelets and RBC-produced NO was tested in poly(ethylene
terephthalate) polymers,''? although the use of glutaraldehyde
as in this study might be suboptimal for cross-linking molecules
with nitrogen-containing functional moieties. Arginine was also
hypothesized to inhibit the inhibitory role of ADMA, which is a
competitor for NOS, thus facilitating the synthesis of NO
localized to blood-contacting surface of the vascular grafts.
The study, which is at its initial state, requires further investiga-
tion to clarify the exact source of NO synthesis (i.e., platelets or
RBC), as well as the effect of RBC scavenging that is recognized
as one of the main NO-limiting mechanisms. This would
require further investigation with isolated platelets to decipher
the role of arginine incorporated into the polymer on distinct
blood components. Although L-arg-associated reactions are
more upstream of the NO—sGC—cGMP pathway, it could be
hypothesized that this would allow more “natural” NO synth-
esis, thus limiting any disadvantages associated with rapid
overstimulation of sGC. However, the current study has not
provided clear evidence as to how L-arg reaches NOS, which is
primarily located in the cytosol, or whether L-arg primarily
interacts with the membrane-bound NOS as found to be
present in RBC.

4.1. NOS Catalyzing Cofactor, Tetrahydrobiopterin (H4B)
Tetrahydrobiopterin (Figure 7C) has been recognized as one
of the indispensable redox-active cofactors'*® that is required for
optimal functioning of the EC'>"'** because of its role in
enhancing NO production from NOS.'** Direct redox-active
supplementation of H,B has restored NO-mediated vasodilatation

that was impaired in chronic smokers."** High glucose levels
in diabetes are often associated with high levels of superoxide,
decreased levels of NO, and increased total eNOS pro-
tein levels, but in an inactive monomeric form. Adenovirus-
mediated gene transfer of the rate-limiting enzyme for de novo
H,B synthesis has been found to restore NOS activity and
increase NO synthesis.'*> A similar effect was observed when
subjects who were induced with an oral glucose challenge were
directly supplemented with H,B."?¢ Folic acid, which induces
H,B, has been shown to reverse the dysfunctional state of NOS
caused by continuous treatment with nitroglycerine. This was
observed in a randomized, placebo control trial with 16 male
volunteers who received oral folic acid after continuous admin-
istration of transdermal GTN"'*” and also in another study with
24 volunteers'?® in in vivo studies with endothelial H,B, which
regulates eNOS and has been shown to inhibit vascular-injury-
induced IH and accelerated atherosclerosis by reducing vascular
inflammation."*

Uncoupling of NOS affects the bioavailability of NO as a result
of altered production of NOS and rapid degradation due to the
reactions with free radicals.*® Uncoupled NOS produces O, "~ as
electrons move from the reductase domain to the heme, which
should reach L-arg and get diverted to molecular oxygen. The
switch from NO to O, production, the result of uncoupled
eNOS, is triggered by oxidative depletion of HyB.

Reduced levels of L-arg, which can occur due to increased
activity of arginase (which converts arginine into ornathine
instead of citrulline), can lead to NOS uncoupling. This condi-
tion has been observed in aged rats with vascular stiffness and
was found to be reversed with the introduction of arginase
inhibitors.'** Increased C-reactive protein, which is a marker of
endothelial dysfunction, is known to decrease NO synthesis in
ECs. This mechanism is linked to reduced H,B levels and
uncoupling of eNOS."*" Ascorbate has been shown to preserve
H,B,"*> and dihydrofolate reductase (DHFR), which can regen-
erate HyB from H,B, has shown to have a significant role in
coupling eNOS."** The ratio of H,B to H,B in plasma is
considered as a possible marker of endothelial dysfunction.'**

4.2. Hemodynamics, RBCs, and Point of NO Return

Hemodynamics have a significant influence on EC, and cardi-
ovascular molecular events affect the patency rates of cardiovas-
cular grafts. Cells within cardiovascular tissues are continuously
exposed to physical forces, including (1) shear stress, tangential
frictional forces acting on ECs and SMCs due to blood flow and
transmural interstitial flow; (2) luminal pressure, cyclic normal
force exerted by blood pressure; (3) mechanical stretch, cyclic
circumferential stress also attributable to blood pressure; and (4)
tension in the longitudinal direction on vascular system'** acting
on the ECs that line the vessels. Shear stress has been shown
to be an eNOS expression regulating factor,"3%'37 and shear-
stress-induced upregulation of Kruppel-like factor 2/4 (KLF2/4)
has been found to be a key mediator of eNOS expression.'**'*
Shear stress in the case of laminar flow where the profile of blood
velocity is parabolic is expressed as

T = 4uQ/ar (1)

where u is the viscosity, Q is the flow rate, and r is the vessel
radius."*°

Vascular shear stress of large conduit arteries typically varies
between $ and 20 dyn/cm”. However, significant instantaneous
values range from negative measures to nearly 40 dyn/cm”
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Figure 8. Arginine-incorporated polymer for greater antithrombogenic properties. (A) Hypothesized mechanism of action of arginine incorporated
into cardiovascular polymer with POSS—PCU as a model. Localized arginine is hypothesized to interact with cytosolic or membrane-bound NOS in
RBC and platelets. (B) Arg—POSS—PCU was tested with whole blood using thromboelastography,”*”**° which can determine whole blood kinetics.
This demonstrated characteristics of reduced thrombogenicity in the presence of L-arg, and the specificity was confirmed with no such improvement with
p-arginine, which remained as POSS—PCU. (Bi) Features observed with the TEG traces with Arg—POSS—PCU include decreased angle (rate of clot
formation) and increased R, reaction time related to the time for initial clot formation. (BII) Reduced time for maximum rate for thrombus formation, as
well as reduced total thrombus formation. (Biii) TEG tests were performed on TEG cups coated with arginine-incorporated polymer. The machine
induces rotation of the cup against an attached pin in the presence of 340 uL of blood to obtain a kinetic trace of coagulation.”” (Ci) Platelet adhesion
tested on Arg—POSS—PCU casted in the form of nonporous sheets as used for various cardiovascular grafts such as heart valve and stent coatings and
ePTFE. (Cii) SEM image of polymers after incubation with platelets. Reduced adhesion of platelets was observed on Arg—POSS—PCU compared to
(Ciii) ePTFE, which is one of the materials that is currently commercially available for cardiovascular applications. Remarkably, on POSS—PCU, there
are very few platelets that appear round and without any pseudopodia, such as are present in abundance on ePTFE.

during states of increased systolic cardiac output with a char- In addition to acting as a kinetic force to stimulate NOS, blood
acteristic pulsatile flow."*' The S-nitrosylation in ECs has been flow can regulate the interaction with RBCs and influence the
shown to be shear-force-dependent where ECs subjected to bioavailability of NO. NO interactions with RBCs that enclose
lower (12 dyn/cm?) shear stress induced less S-nitrosylation as hemoglobin can take the form of “sink, store, and synthesis”

compared to those with higher shear stress (25 dyn/cm?”) during
the systolic phase of a cardiac cycle."*® Shear-flow-induced
S-nitrosylation was suppressed in ECs pretreated with an eNOS

sink  Hb—Fe(II)O, + NO — Hb—Fe(IlI) + NO3 ™~

inhibitor, conﬁrming that S-nitrosylation induced by shear flow is store  Hb—Fe(Il) + NO <> Hb—Fe(I[)NO

eNOS-dependent.'* Arginase, which takes L-arg as a substrate, Hb(893—Cys) + NO < Hb(93—Cys—NO)

competes with eNOS, thus determining vascular NO synthesis.

Interestingly, it has been shown that altered shear-stress- synthesis Hb—Fe(II) + NO,~ + H* — Hb—Fe(III) + NO + OH"
mediated vascular disease states can be mediated by upregulation

of arginase and reduced NO production.'** L-arginine — NOS — NO
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Figure 9. Red blood cell interactions with NO include (1) NO binding to the deoxygenated heme in oxygenated red blood cells, forming iron-nitrosyl
hemoglobin (Fe"~NO); (2) oxy-hemoglobin scavenging NO and transferring it to the 3-globin Cys-93 residue to form SNOHb (NO transport);
(3) hemoglobin deoxygenation and structural transitions from R (oxy) to T (deoxy) facilitating the release of NO; and (4) T-state Hb reacting with NO
species and undergoing Hb nitrosylation. Note: In the R state, Cys 393 is enclosed in a hydrophobic pocket, and the heme pocket is more accessible. In
the T state, Cys 393 is exposed to reactions, and the heme pocket is less accessible.

where Hb represents deoxyhemoglobin; Hb—Fe(II)NO, nitrosyl
hemoglobin; Hb—Fe(III), methemoglobin; and NO, ", nitrite.

Figure 9 illustrates the interactions of NO with Hb, thus
highlighting the reactions involved in scavenging and storing, and
these reactions are recognized to be pH- and O,-saturation-
dependent."** NO has a great affinity for free oxy-globins, and
RBC:s that enclose Hb are known as scavengers of NO, but cell-
free Hb is approximately 1000 times more active in acting as a
potent NO sink. RBCs are also involved in nitrite uptake and
have been shown to involve both HNO, diffusion and AEl-
mediated transport.'** Free hemoglobin administration is
recognized as a blood substitute; however, this treatment
strategy is hampered by the onset of associated hypertension
due to uptake of NO by oxy-hemoglobin."*® As a solution,
mutations to the oxygen binding sites have been introduced and
hinder NO depletion, leading to the modulation of vasocon-
striction effects.'*’

Nitrites are reduced to NO, and myoglobin has been shown to
function as an endogenous nitrite reductase at low oxygen levels.
A study demonstrated that myoglobin-knockout mice cannot
generate nitrite-dependent NO and thus performed poorly in
cardiovascular functions including nonrecovery from experimen-
tal ischemia.'*® RBCs also serve to directly synthesize NO

catalyzed by NOS that has been recognized to have similarities
to endothelial NOS."* RBCs in flow can detect shear forces,
which, in turn, modulate their NOS,"*® and an increase in NOS
activity was speculated under hypoxic conditions. Endothelial
NOS-mediated NO synthesis becomes limited in small-diameter
vessels, and also in the absence of an endothelium, RBCs can be
recognized as considerable contributors of NO, in addition to
possible NO synthesis by the breakdown of nitrates. Erythrocytic
hemoglobin has also shown to have a major role in nitrite
conversion to NO."*"'** NO scavenged by RBCs was found to
be recycled as nitrites and nitrates.”® S-Nitrosylation, particularly
of heme proteins, can be a form of NO-limiting mechanism and
also extends as a form of NO storage that facilitates long-lasting
paracrine effects in the vascular system.'>®

The dynamics of blood flow, including RBCs in relation to NO
diffusion and the endothelium or a NO-functionalized polymeric
surface as the origin of NO production, is illustrated in Figure 10.
If the two main facts that (1) the endothelium-derived NO is the
main source of NO and (2) the endothelium is in close proximity
to RBCs in circulation where the interactions are of relatively fast
kinetics are considered with Fick’s second law of diffusion, while
recognizing RBCs as a major NO scavengers, the bioactive NO
concentration appears to be insufficient to produce a significant
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Figure 10. Dynamics of blood flow in relation to NO diffusion. Postulated diffusional barriers for NO experienced in hemodynamic flow as it diffuses
from the endothelium or NO-functionalized polymer across a cell-depleted zone. In addition to the marked barriers, hemoglobin compartmentalization
also serves as a barrier for NO to reduce the rate of reaction with intraerythrocytic hemoglobin.

response. Nevertheless, a substantial concentration of NO still
evidently acts as a substrate for sGC. Few possible reasons for this
vascular availability of NO that can migrate outward desPite the
strong scavenging effect of RBC have been presented.>* The
flow rate is found to be greater toward the inner center of a vessel
than closer to the endothelium, thus directing a greater concen-
tration of RBCs toward the center of the lumen. The RBCs have
intrinsic diffusional barriers and also serve to compartmentalize
hemoglobin, thus reducing the reactions with NO.!5156 Recent
studies designed to measure the NO flux across vessel walls in
varying oxygen concentrations demonstrated that the diffusion
rate of NO can be determined by vascular oxygen levels."’
Erythrocyte’s ability to transfer oxygen is facilitated by NO, and
transfused blood has been shown to be prone to NO depletion,
leading to complications associated with ischemia, despite re-
storation of blood levels.">® However, it has been shown that the
presence of SNO—hemoglobin is not essential for NO-depen-
dent vasodilation in hypoxic conditions."*’

Limited patencies have been observed in vascular grafts even
in the presence of a functional endothelium but disturbed flow
conditions. Therefore, the loss of the vascular protective role in
altered flow suggests a dominant role for vascular flow in
modulating functional NO concentrations. A graft optimized
for NO elution might not present its best biological influence if

the graft experiences disturbed flow due to nonoptimal mecha-
nical properties, which, in turn, could possibly lead to reduced
bioavailability of NO with nonoptimal interactions with RBCs
leading to greater scavenging, thus emphasizing the need to
match the viscoelastic properties of vascular graft to native
artery.”*'% Therefore, it is of great significance to evaluate the
bioavailability and dynamics of NO release'®' from a functio-
nalized bypass graft. NO elution determined in relation to
graft performance in the presence of a pulsatile flow system
will enable at relatively more realistic values for NO release
to be derived compared to static in vitro determination of
NO release from a representative sample of functionalized
polymer.

In collaboration with Maastricht University, we have devel-
oped a system to assess the elasticity or, in index terms,
compliance of the viscous component of the vessel wall, as well
as the shear stress of pulsatile blood flow in artery and bypass
graft.162 The changes in diameter can be determined continu-
ously using a duplex ultrasound scanner with a vessel wall
tracking system and pressure with a Millar or pen micropressure
catheter (Figure 11). From these data, hysteresis loops (pressure—
diameter) can be generated for single cardiac cycles by plotting
diameter against blood pressure, and from the figure elasticity, the
viscous component of the vessel can be computed (Figure 11).
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Figure 11. NO bioavailability in the presence of hemodynamic flow. (A) B- and M-mode images of bypass graft mounted within the flow circuit. Note
the intraluminal pressure tip catheter. Resultant radiofrequency (RF) signal generated by anterior and posterior walls of imaged bypass graft. (B)
Distension—time and pressure—time curves generated by wall tracking system. (C) Diameter—pressure hysteresis within a cardiac cycle can reflect the
viscosity characteristics of the bypass graft wall [sin(6)], and compliance could be calculated according to formula. (D) Shear rate distribution within the
bypass graft (depth) is computed from the dependent velocity distribution by means of |dv/dr| per blood flow velocity profile. Eluting NO is monitored
within the flow circuit continuously with an intraluminal NO probe placed inside the graft.

The common method of assessing the elasticity of the vascular
system is computation of the compliance index (C), derived as

10*(D, — Dy)

=4 2)

Dd(Ps _Pd)

where D is the cross-sectional diameter; P is the pressure inside the
vessel; and subscrlpts s and d represent systolic and diastolic,
respectively.*’

A duplex ultrasound Doppler vascular wall tracking system can
be used to monitor wall shear rate caused only by the axial fluid
velocity; the shear rates (0) over time (f) can be estimated as

dv(r,t)
d?’o

dv(r,t)
drz

olt) = - (3)

2

max max

where v(rt) is the estimated blood flow velocity profile
(Figure 11) and ro and 7, are the radial positions measured from
the vessel axis to the near and far walls, respectively.'®

NO concentrations of a functionalized graft can vary when
exposed to physiological flow conditions according to the
mechanical properties of the vascular graft of concern. Therefore,
availability of the above significant parameters with the measure-
ments of blood viscosity and hematocrit will enable the calcula-
tion of a true estimate of bioavailable NO concentrations of a
graft functionalized with NO donors when exposed to physiolo-
gical flow conditions.

5. NO TOXICITY, INACTIVATION, AND
DESENSITIZATION

Glycerine trinitrate (GTN) is well recognized for its vaso-
protective effect, particularly in relieving angina, through its
activation of sGC- and cGMP-dependent protein kinase activ-
ity. Despite the favorable effects of GTN in relieving conditions
of cardiovascular discomfort, GTN therapy used during vascu-
lar interventions has been found to have adverse outcomes by
inducing systemic hypotension, headache, tachyphylaxis, and
endothelial dysfunction in the arteries and thus negatively
affecting the graft patency rates. 164165 However, despite the

5756 dx.doi.org/10.1021/cr200008n |Chem. Rev. 2011, 111, 5742-5767



Chemical Reviews

Soluble GC

cGK PKG PDEs lon channels

Heme containing enzymes

(hemoglobins, myoglobin, cytochromes

& other heme proteins involved in post

translational modification)

o
o=N"OH
o]

XN

Nitration

Tyrosine nitration

T Cystein s-nitrosylation

\

Free Radicals 0\;\
Plasma O, 5 s

\

4NO + Oz + 2H0 — 4NOy™ + 4H*

Figure 12. Summarized illustration of the main, significant categories of NO reactions in the vascular system. The reactions include (1) reactions with
metal centers (mainly heme); (2) S-nitrosylation, or the interaction of NO with cysteine sulfahydryls/thiol, where a nitrosyl group is added post-
translationally; (3) nitration (protein tyrosine); (4) free-radical interactions; (S) reactions with plasma O,; and (6) synthesis of cGMP through the
catalysis of sGC by NO, then leading to the activation of protein kinases and phosphodiesterases.

recognized high risks associated with GTN treatment and
CABG patients with unstable angina, it was found that pre-
operative treatment demonstrated no alteration in hospital
outcomes.'®® The mechanism of activation of sGC by GTN is
not clearly defined, but it is suggested that this activation can be
through the formation of intracellular nitrite by the enzyme
mitochondrial aldehyde dehydrogenase.'®” It has been found
that GTN-induced ROS can inhibit bioactivation of GTN by
thiol oxidation of aldehyde dehydrogenase and contribute to
nitrate tolerance.'®® In addition, it has been shown that GTN
treatment leads to increased S-nitrosylation of sGC, leading to
desensitization and the development of nitrate tolerance.'®” A
reduction in a key protein, leucine zipper-positive (LZ+)
isoform of myosin phosphatase target subunit 1 (MYPT1), was
observed in nitrate-tolerant arteries, which was also onset by NO
donors and ¢cGMP analogues, leading to overall suppressed
cGMP-dependent protein kinases (PKGs)."”

A multitude of reasons, including increased scavenging of
NO by superoxide radicals and inactivation of sGC, can
render NO resistant to platelet aggregation. It is rather
commonly observed in patients with cardiovascular diseases
including aortic stenosis, coronary heart disease, stable
angina pectoris, diabetes, and hypertension. The decreased
sensitivity to NO has been found to be due to both impaired
production of NO and impaired responsiveness. Platelet studies
of these patients showed a reduced response to NO antiaggrega-
tory effects.'”" A study performed to evaluate the responses of
platelets from S1 patients with acute coronary conditions to
NO donors led to “platelet NO resistance” or the degree
of platelet responsiveness to be considered as a diagnostic
marker of acute coronary syndromes, therefore enabling better
patient treatments.”’ Circulating monocyte—platelet aggre-
gates, which are an indication of platelet activation, showed a
strong positive correlation with BP, and NO donors decreased

monocyte—platelet aggregates in normotensive subjects but
were unable to respond in hypertensives, indicating a reduced
s.ensitivity.172

The use of nitrates as NO is hampered by the development of
tolerance. Both nitrate—NO conversion and increased consumIption
of NO by free radicals can be perceived as nitrate tolerance.'” In
addition to contributing to oxidative stress, these drugs can act only
through the reduced heme state of sGC, and the stress-induced
oxidized state of sGC cannot respond to binding of NO, thus
rendering a nonresponsive state. Overexposure to exogenous NO
can reduce NO responsiveness.'”* Repeated induction of NO has
been implicated in the desensitization of NO downstream responses
by sGC desensitization, reduced synthesis or increased uptake of
¢GMP, and increased activity of phosphodiesterase-5."”

Increased synthesis of NO has been implicated in cytotoxicity
and adverse outcomes in the vascular system. A pronounced
effect of this situation can be observed in IRI where iNOS
becomes activated. Although there is no direct evidence to
suggest cytotoxicity of pure NO, there is evidnece for second-
order toxicity, which depends on the concentrations of ROS. As a
response to injury, vascular cells and activated platelets produce
free radicals. Superoxide (O, "), in particular, scavenges NO to
form unstable metabolite peroxinitrate (NO3 ™). Peroxinitrate
can generate nitrogen dioxide (eNO,) and carbonate radical
(CO;5™ ") which can cause tissue injury. Peroxinitrate is a strong
and selective oxidant and is involved in a range of reactions that
are generally considered damaging, including lipid oxidation,'”®
inhibition of mitochondrial respiration, and protein tyrosine
modifications to create nitrotyrosines, thus alterations of enzyme
activities leading to apoptosis, necrosis, and cytotoxicity.'”” 7
Quercetin, which is an antioxidant and a scavenger of peroxini-
trite, has been shown to attenuate systemic inflammation after
cardiopulmonary bypass procedures.'®® Both peroxynitrite
and peroxynitrates produce eNO,, but peroxynitrate has a
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Figure 13. NO interactions with sGC and synthesis of cGMP. (A) Domain structure: sGC is a heterodimeric protein with the C-terminus serving as the
catalytic domain and the N-terminus as the regulatory domain, which is sensitive to NO. (B) Structural organization: sGC is a protein present in the
cytosol that is a hemeoprotein (a metalloprotein containing a heme prosthetic group) with subunits of o and /3 with a ferrous prosthetic group. NO
interactions with sGC at a site that is alternative to heme (i.e., on a cysteine) are also recognized. The synthesis of cGMP through the catalysis of sGC
with NO then leads to the activation of protein kinases and phosphodiesterases to modulate varied biochemical pathways that regulate vascular
functions.'”® (C) Reactive site of sGC: Iron is ligated to histadine 105 of the 8 subunit; NO binds to the heme of sGC and forms a transient six-
coordinated NO-bound state that progresses, upon heme—His bond breakage, to a five-coordinated NO-bound activated state. The degree of activation
of sGC as high (where the FeNO bond angle is greater) and low (where the FeNO bond angle is smaller) could vary according to the amount of NO

present, as well as other sGC stimulators.

stronger O—O bond and is considered less toxic. The chemistry
of peroxynitrites and peroxynitrates has been reviewed in

detail."®!

NO® + 0, — ONOO™ (4)

Superoxide dismutase (SOD) is a strong antioxidant, and its
role includes uptake of superoxide to protect from harmful
effects. Despite the well-known protective effects of NO, it has
been recognized that NO’s unfortunate affinity for superoxide
leads to a competition with SOD and to the formation of
peroxinitrate, which then operates cytotoxic interactions. One
might be inclined to assume that a great degree of synthesis of
NO from exogenous sources might be harmful, as this might
imply a greater degree of interactions with superoxide to form
peroxynitrites. However, it has been shown that the reaction
between superoxide and NO is optimal with equimolar concen-
trations, and it could be suggested that an excess of NO would be
favorable.'®” Interestingly, the involvement of heme oxygenase-1
(HO-1) leads to increased NO resistance. Recent research
performed with human lung epithelial cells suggests a protective

role in NO resistance where high and toxic concentrations of NO
are modulated by HO-1."”’

Providing some reassurance and presenting a potential solu-
tion, it has been shown that the apoptotic, cytotoxic effects that
are apparently caused by NO are, in fact, distinctly caused by
peroxinitrite formation, whereas exogenous NO produced by
SNAP induces favorable cytostasis in SMCs."** Although the
paradox of NO’s toxicity is not completely resolved, the above
evidence somewhat blunts the initial impression of NO as a
double-edged sword. Thus, mechanisms to reduce peroxinitrite
formation would be of interest to obtain a greater benefit from
NO production and synthesis.

6. NO—SGC—CGMP: THE CARDIOVASCULAR TRINITY?

The specificities of NO interactions with biomolecules
largely depend on the concentrations and anatomic distribu-
tions. Figure 12 is a summary of the main categories of reactions
of NO in the vascular system. NO in modest concentrations
interacts with molecules with heme irons such as hemoglo-
bins, myoglobms, and cytochromes, as well as other heme
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and prevent ubiqutin-mediated degradation.”**

proteins involved in post-translational modification. The pri-
mary mode of action of NO with the greatest impact in the
cardiovascular system is through sGC, leading to NO—cGMP
signaling and modulating significant processes such as platelet
functions, host-defense activities, stress responses, inhibition of
SMC proliferation, and cardiovascular homeostasis.'*~'*” A
recent review presents a thorough discussion of the influence of
c¢GMP in the cardiovascular system and its activation of down-
stream factors, including ¢cGMP-dependent PKGs, cGMP-
gated cation channels, and PDE,"®® thus demonstrating that
the endothelial dysfunction is essentially the disruption of the
NO—sGC—cGMP pathway.

sGC is an intracellular receptor that is a heterodimeric enzyme
consisting of 0 and f3 subunits where the C-terminus serves as the
catalytic domain and the N-terminus as the regulatory domain that
is sensitive to NO. The 3 subunit contains the catalytic domains
and a heme—nitric oxide/oxygen (H—NOX) unit to which the
heme prosthetic group is of particular interest, as NO binding to
this domain mediates the conversion of GTP to ¢cGMP."*” NO
binds to the heme of sGC and forms a transient six-coordinated
NO-bound state that progresses, upon heme—His bond breakage,
to a thermodynamically stable five-coordinated NO-bound acti-
vated state. Recent studies have demonstrated that this initial

activation is transformed to a high-activity state with excess NO
that interacts at nonheme sites.'”® Figure 13 is a simplified
illustration of the activation of sGC by NO.

Theoretical and computational studies have shown an essen-
tial role for the 0Ff1 loop and 0 A—a.C in the distal subdomain
in the mechanism of sGC."”" The complexity of sGC activation
by NO is also known to be modulated by GTP and ATP and
allosteric activators such as YC-1. GTP and ATP bind to both the
catalytic site and the allosteric site in vitro and thus function as
substrates as well as allosteric modulators."”> The heme pros-
thetic group is known to be highly susceptible to oxygen free
radicals such as superoxides and peroxinitrites, thus inducing
oxidation of the active heme state to an oxidized form (Fe*"),
leading to reduced affinity for interaction with NO, as well as
acute inactivation and ubiquitin-mediated degradation. This
oxidation is greatly increased with organic nitrates, thus empha-
sizing the limitations of using organic nitrates and other NO
donors. The synthesis of cGMP through the catalysis of sGC
with NO then leads to the activation of protein kinases and
phosphodiesterases to modulate varied biochemical pathways
that regulate vascular function. Interestingly, it has also been
found that PKG is involved in inhibiting sGC by phosphorylating
sGC on Ser64 of its a1 subunit.'”> A recent article presented a
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detailed discussion of NO—cGMP signaling and cellular re-
sponses to NO."*

However, NO can also mediate cGMP-independent reactions
that can have a significant influence in the cardiovascular system.
NO-mediated physiologically relevant reactions by cGMP-inde-
pendent pathways are determined by the lack of inhibition by
inhibitors of soluble guanylate cyclase (SGC) such as ODQ
(1H-[1,2,4]oxadiazolo[4,3-a] quinoxalin-1-one), which inhi-
bits heme-protein-dependent processes. Thrombospontin has
also been shown to inhibit the sGC.'"”* However, butyl iso-
cyanide, which blocks the heme site of sGC, demonstrated the
ability of NO to activate the enzyme, thus suggesting a heme-
independent active site. An oxidation-sensitive nonheme bind-
ing site has recently been found to be of significance. The thiol
modifying reagent methyl methanethiosulfonate was found to
specifically inhibit NO activation of sGC by blocking a non-
heme site, thus assigning a significant role to cysteine of sGC in
controlling NO binding. Thus, NO interacts with both a
reduced thiol and ferrous iron on sGC.'”* Despite the ability
for both NO and CO to interact with sGC, its sophisticated
structure enables specificity in affinity and activity in the
regulation of the two, and sGC has been shown to favor NO
over CO. Interestingly, Raman studies have shown that the
presence of YC-1 can facilitate the stimulation of sGC by
CO""'% A recent crystal structure study of the molecule
demonstrated that the specificity is determined by the mecha-
nism of heme binding, which involves a pivoting and bending
thus leading to differing rates of activation.'”” The evidence of
ligand discrimination and thus differential binding of NO, CO,
and O, to sGC through HNOX has been obtained through
theoretical and computational studies based on molecular
dynamics,"”""*® as well as Raman spectroscopic studies.'”” In
vivo distinction between O, and NO is significant, as O, is
generally present at relatively higher concentrations. The
absence of tyrosine and glutamine, as well as hydrogen-bond
donors, in the distal heme binding pocket that leads to relatively
fast dissociation of O, has been shown to be a critical feature in
this process of favoring NO over 0,.2°%*%"

Compounds that mimic NO to activate the downstream
factors present a favorable option to the issues surrounding
NO-associated cytotoxic product synthesis, as well as a solution
to desensitization. HNO, the reduced form of NO, presents a
greater degree of tolerance to desensitization and has less affinity
for free radicals and thus is free from cytotoxic interactions with
superoxide. HNO also activates the sGC pathway through
interaction at the heme site and is independent of NO formation,
as NO scavengers demonstrated no significant influence on sGC
stimulation with HNO. However, at higher concentrations,
HNO has been shown to be highly “thiophilic”, thus rapidly
reacting with cysteine thiols. Therefore, HNO presents minimal
potential for excessive stimulation and tolerance, and there-
fore, recent studies support HNO as a promising alternative to
direct NO donors for cardiovascular therapy.””>~*** Irvin
et al. published a discussion of HNO and its donors for
therapeutic options for cardiovascular disease conditions.”*®

Investigation of NO-independent sGC stimulators has be-
come a relatively recent trend, and many novel compounds have
been synthesized.”***"” Figure 14 presents some pyrazolopyr-
idinylpyrimidine-derived molecules, which are NO-independent
cGMP synthesizers that are dependent”®® or independent™ of a
reduced heme group at His-105. BAY 58-2667 (cinaciguat),
which can directly activate sGC, has been shown to have an

Keys:
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—— Inhibition

Arginine, BH4, pulsatile flow

l
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NO donors — | l
Haem dependant/haem
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Figure 15. Summary of currently recognized factors for inducing and
inhibiting NO, as well as factors directly influenced by NO. Pulsatile flow
is a mechanical factor and arginine and BH4 are chemical factors that
influence NOS and catalyze NO synthesis. NO donors and RBC can also
induce NO synthesis, although RBC can also act as a scavenger of NO
and inhibit NO-dependent activities. Oxidative stress acts to inhibit NO,
NOS, and sGC, which is the main enzyme that NO activates to
synthesize cGMP. sGC can be directly activated by heme-dependent/
heme-independent activators, independent of NO, and is not influenced
by the inhibitory effects of oxidative stress.

influence on hemodynamics similar to that of nitroglycerin.
Studies performed with Ns H-NOX proteins, which represent
the ligand binding of the H-NOX domain of sGC, have demon-
strated that binding of BAY 58-2667 causes a stabilizing effect on
the heme cavity and protects sGC from degradation during
activation, thus overcoming the dysfunctional state of sGC with
an oxidized heme.”'® BAY 58-2667 was recently assessed in a
phase 1 clinical trial to determine its safety and pharmacokinetic
properties. Oral induction of cinaciguat was found to improve
histopathological lesions, cardiac performance, and impaired
cardiac relaxation; reduce oxidative stress; ameliorate intracellu-
lar enzyme release; and decrease cycloxygenase 2, transforming
growth factor-f3 and S-actin mRNA expression in rats who were
subcutaneously treated with isoproterenol (85 mg/kg) to induce
ML*® BAY 58-2667 (cinaciguat) has also been shown to reduce
MI in a rabbit model in situ, as well as in isolated rat heart.*'"
These NO-independent sGC stimulators have shown that they
inhibit the expression of tissue factor, thus modulating the pro-
coagulant activity.”'” The combine use of NO donor, DETA-
NONOate, NOC-18, and BAY 41-2272 was found to have a
more profound effect in stimulating cGMP than the separate
agents,”"> where this stimulation of the NO—cGMP pathway
signaling has been shown to modulate the differentiation of ECs
into myocardial cells. These NO-degendent sGC activators have
different mechanisms of activation'” and act on distinct sites of
sGC in the modulation of activation and stabilization.”** For
instance, studies with BAY 41-2272, a pyrazolopyridine deriva-
tive molecule with structural similarities to YC-1, have shown the
cysteine 238 and cysteine 243 region in the 0;-subunit of sGC to
be responsible for catalysis.>*®

However, nitration and S-nitrosylation are two other mecha-
nisms that are independent of the NO—sGC—cGMP pathway,
and it is still necessary to clarify whether these processes can be
synergized with the NO—cGMP pathway. Tyrosine nitration,
particularly Ot-actinin, has been recognized as a cGMP-independent
mechanism of modulating platelet adhesion.”** Nitrosylation is
known to be regulated by the enzyme GSNO reductase, which

5760 dx.doi.org/10.1021/cr200008n |Chem. Rev. 2011, 111, 5742-5767



Chemical Reviews

lowers levels of SNO proteins that are generally in balance with
S-nitrosoglutathione. A study performed with the deletion of
S-nitrosoglutathione reductase gene (GSNOR /) in mice has
demonstrated reduced myocardial infarct size, preserved ventricular
function, and overall cardiac protection with tissue oxygenation, thus
demonstrating that GSNO is cardioprotective.”'® S-Nitrosylation
is the interaction of NO with cysteine sulfahydryls/thiols, where
a nitrosyl group is added post-translationally, and has been
recognized to modulate intracellular signalin% and enzymatic
activity, thus influencing cardiovascular effects”'” including con-
formational changes to platelet integrins.”'®***'*** NO, in
addition to proteins, also modifies lipid mediators, particularly
prostaglandins and lipooxygenases, thus modulating lipid-de-
rived signaling pathways, which have significant impact on
cardiovascular regulation.”'

7. PERSPECTIVE

NO—sGC—cGMP-pathway-associated cardiovascular protec-
tive features can be achieved by upregulating three major possi-
bilities: (1) modulation of NOS-mediated NO production (L-arg,
cofactors, and downregulation of NOS inhibitors), (2) direct NO
donors (also by in situ catalysis of NO from nitrosothiols), and (3)
NO-independent sGC activators. Figure 15 summarizes the sig-
nificant factors that influence NO—sGC—cGMP cardiovascular
unity, as discussed in section 6.

Cardiovascular disease conditions are associated with a high
level of oxidative stress and reduced overall levels of NO due to
decreased or no synthesis and relatively increased scavenging.
Therefore, optimal methods of inducing NO elution from
vascular grafts required for surgical treatment of cardiovascular
conditions have become of great interest, and numerous meth-
ods of NO elution are being investigated. L-Arginine has proven
to be a potent NO synthesizer, but it is still in its infancy in terms
of being accepted for its role in NO synthesis associated with
vascular grafts. Further studies are also required for establishing
methods of greater retention of water-soluble L-arg within grafts
while ensuring that Arg interaction with cytosolic NOS will not
be hindered. However, optimization of functional concentrations
of NOS cofactors such as H4B and greater understanding of the
NOS enzyme kinetics are warranted.

Despite the heightened interest and many studies that were
performed to observe NO release from polymers related to
vascular grafts, proportionately fewer or no studies have been
carried on to clinical trials, thus highlighting the need for greater
investigations of the biochemical and biological fate of NO
in vivo. Some of the main concerns associated with direct NO
donors apart from the major issues associated with oxidative
stress include the following: (1) A high concentration of NO in
blood prompts more rapid uptake by hemoglobin and might
counteract the localized high concentrations of NO eluted by
direct donors. (2) Donors cannot be regenerated, and thus, the
antithrombogenic role of the NO modification is limited to the
half-life reactivity of the donors concerned (i.e., there is a greater
need for modification of release rates of NO). Furthermore,
current studies investigating NO-inducing mechanisms seem to
have common uncertainties regarding the duration of NO
retention and the appropriate NO donor concentrations re-
quired to retain their activity in NO-eluting vascular grafts when
exposed to pulsatile blood flow. These concerns should be
addressed with the scavenging effect of RBCs and also with
barriers to scavenging so that the grafts with too high a

concentration of NO, which could induce toxic effects or
desensitization of downstream pathways, or grafts with too low
a concentration to have a significant effect can be efhiciently
regulated. Hemeodynamics, with its influence on the relative
distance of erythrocytes (as vehicles for hemoglobin) in vascular
flow, has a major role in determining the bioavailability of NO
from implanted vascular grafts. order In to obtain the best of RBC
interactions with NO, it would be of interest to determine
methods by which NO reaches to “a point of no return” with
the interactions with RBCs and also to delineate and possibly
facilitate the mechanisms to trigger “points of NO return” from
RBCs. Hence, appropriate measures can be taken to modulate
the scavenging effects of RBCs and also to promote NO from
RBC NOS will be of interest.

Oxidative stress particularly affects the heme moiety of sGC
and oxidizes the iron and renders it nonresponsive to NO, thus
predisposing the enzyme to ubiquitin degradation. Therefore,
despite many great beneficial roles, issues such as vascular
tolerance and toxicity could prompt NO to be perceived as
demanding and less reliable in diseased conditions. Molecules
that can resist the oxidative insults to sGC and activate cGMP
downstream pathways, such as nitroxyl and a group of pyrazo-
lopyridines that can resist scavenging by superoxide and that can
interact with sGC independent of the state of heme and also
prevent ubiquitinated degradation, can be of interest as candi-
dates that compete with NO for its claim as the guardian of the
vascular grafts. However, these novel molecules are yet to receive
approval (FDA) for clinical use.

8. CONCLUDING REMARKS

This article underlines the impact of NO on the attenuation of
thrombotic events and a possible role in IRI in studies associated
with cardiovascular grafts. NO-activated pathways have a clear
role in preventing thrombosis, but the mode of action of NO in
IRI is less clear. NO acts primarily through its interactions with
sGC, a heterodimeric heme protein leading to cyclic guanosine-
3',5’-monophosphate (cGMP), which acts as a second messen-
ger and modulates the above cardiovascular protective roles. A
range of possibilities have been investigated as potential NO-
modulating factors associated with cardiovascular grafts, includ-
ing direct NO donors, L-arg, the functionality of NOS, cofactors
such as H;B, blood components, and the influence of hemody-
namics. Considering that NO should not be dissipated during the
process of fabrication and before being introduced into the
vascular system, compatible methods of graft/polymer fabrica-
tion need to be sorted. Hemodynamics has a major role in
determining the bioavailability of NO from implanted vascular
grafts. Therefore, determination of graft compliance in parallel
with NO—sGC—cGMP path activator concentration in physio-
logical pulsatile flow while considering the modulation of roles of
RBCs will be of interest. Molecules that can activate cGMP while
being unaffected by possible desensitization or toxic effects of
NO recently have attracted attention. However, decades of
established reputation in protecting the cardiovascular system
leave NO to reign as the guardian of vascular grafts for the
foreseeable future.
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ABBREVIATIONS

OH hydroxyl radical

ADMA asymmetrical dimethylarginine, CgH;sN,O,

ADP adenosine diphosphate, C;oH;sNsO1oP,

AMPK,-AMP activated protein kinase

Arg arginine, CcH;4N4O,

ATP adenosine-5'-triphosphate, C;,H;¢NsO3P3

BAY 41-2272 S-cyclopropyl-2-[ 1-(2-fluorobenzyl)-1H-pyra-
zolo[3,4-b]pyridin-3-yl]-pyrimidin-4-ylamine,
CyoH,7FNg

BAY 41-8543 2-[1-[ (2-fluorophenyl)methyl]-1H-pyrazolo-
[3,4-b]pyridin-3-yl]-S(4-morpholinyl)-4,6-
pyrimidinediamine, C,;H,;FNgO

BAY 58-2667 (4-[ ((4-carboxybutyl) {2-[ (4-
phenethylbenzyl)-
oxyphenethyl}-
amino)methyl-
[benzoic]acid) (cinaciguat), C3sH3oNOs

CABG coronary artery bypass grafting

cGMP cyclic guanylate monophosphate, C;oH;4Njs-
OgP

Cit citrulline, C4H,3N304

CoO carbon monoxide

CysNO S-nitrosocysteine, C;HsN,O3S

Dacron poly(ethylene terephthalate)

DDAH dimethylarginine dimethylaminohydrolase

DETA-NONOate (Z)-1-[2-(2-Aminoethyl)-N-(2-ammo-
nioethyl)amino]diazen-1-ium-1,2-diolate

DHFR dihydrofolate reductase

DVT deep venous thrombosis

ECs endothelial cells

eNOS endothelial nitric oxide synthase

EPC endothelial progenitor cells

ePTFE expanded polytetrafluoroethylene

ER endoplasmic reticulum

GLP good laboratory practice

GMP good manufacturing practice

GPIIb/IIIa glycoprotein IIb/IIla inhibitors

GSNO S-nitrosoglutathione, C;oH;sN4,O;S

GSNOR—/— S-nitrosoglutathione reductase null gene

GTN glyceryl trinitrate/nitroglycerine, C;HsN3Oq

GTP guanosine-S'-triphosphate, C;oH;NsO14P;

H,0, hydrogen peroxide

H,B tetrahydrobiopterin, CoH;sNO;

Hb deoxyhemoglobin

Hb-Fe(I)NO nitrosyl hemoglobin

Hb-Fe(III) methemoglobin

HbO, oxyhemoglobin

His histidine, CsHoN3O,

HMR1766 S-chloro-2-(S-chloro-thiophene-2-sulfonyla-

mino-N-(4-(morpholine-4-sulfonyl)-phenyl)-

benzamide sodium salt (ataciguat),

C21H19CLN;3 0685

HNO nitroxyl

H-NOX heme nitric oxide/oxygen

HO-1 heme oxygenase-1

IGFBP-3 insulin-like growth factor binding protein 3

IH intimal hyperplasia

iNOS inducible nitric oxide synthase

IRI ischemia reperfusion injury

ISDN isosorbide dinitrate, CsHgN,Og

KLF2/4 Kruppel-like factor 2/4

L-arg L-argine, C4H,4N,O,

L-cit L-citrulline, CsH;3N303

L-NAME N(G)-nitro-L-arginine methyl ester,
C,H,N.0,-HCl

MI myocardial infarction

NAC N-acetylcysteine, CsHoNO3S

NMMA N-guanidino monomethyl arginine

nNOS neuronal nitric oxide synthase

NO nitric oxide

NO, nitrite

NOC-18 diazeniumdiolate, NCCN(CCN)N(O)N=0

NOS nitric oxide synthase

0, superoxide

oDQ. 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-
one, CoHsN30O,

ONOO™ peroxynitrite

PCU poly(carbonate urea)urethane

PDE phosphodiesterase

PETriN pentaerythritol trinitrate, CsHoN301¢

PKGs protein kinases

POSS polyhedral oligomeric silsequioxane

RBC red blood cells

ROS reactive oxygen species

Ser serine, C;H,NO;

sGC soluble guanylyl/guanylate cyclase

SMC smooth muscle cells

SNAP S-nitroso-n-acetylpenicillamine, C;H;,N,0,S

SNO S-nitrosohemoglobin

SOD superoxide dismutase

TXA2 thromboxane A2

vWF von Willebrand factor

XO xanthine oxidase

YC-1 3-(5-hydroxymethyl-2-furyl)-1-benzyl indazole,
CioHisNO,
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