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Abstract

Nitric oxide (NO) plays a crucial role in many aspects of the pathophysiology of heart failure. NO is a double-
edged sword; NO inhibits ischemia/reperfusion (I/R) injury, represses inflammation, and prevents left ven-
tricular (LV) remodeling, whereas excess NO and co-existence of reactive oxygen species (ROS) with NO are
injurious. The failing heart is exposed to not only oxidative stress by a plethora of humoral factors and in-
flammatory cells but also nitrosative stress. Activation of nitric oxide synthase (NOS) of any isoforms, [i.e.,
endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS (nNOS)], concomitant with oxidative stress
results in NOS uncoupling, leading to further oxidative/nitrosative stress. Indiscriminate removal of oxidative
stress is not an effective means to prevent this detrimental process, because oxidative stress is necessary for an
adaptive mechanism for cell survival against noxious stimuli. Therefore, removal of ROS in a site-specific manner
or inhibition of the source of injurious ROS without affecting redox-sensitive survival signal transduction
pathways represents a promising approach to elicit the beneficial effect of NO. Recent emerging pharmacological
tools and regular exercise inhibit ROS generation in the proximity of NOSs, thereby increasing bioavailable NO

and exerting cardioprotection against I/R injury and LV remodeling. Antioxid. Redox Signal. 11, 1913-1928.

Introduction

MYOCARDIAL INFARCTION (MI) and the consequent loss
of fully functional myocardium is a major etiology for
heart failure. Despite aggressive primary therapy, prognosis
remains serious in patients with large MI and severe left
ventricular (LV) dysfunction. A large volume of functional
myocardium is lost immediately after MI (within several
hours) as a result of ischemia /reperfusion (I/R) injury and it is
the extent of I/R injury that is a principal determinant of
prognosis for MI. However, a considerable part of functional
myocardium is lost within days after MI as a result of in-
flammation and chronic hypoxia and deficiency of nutrients
in the infarction border. Remaining functional cardiomyo-
cytes far from the site of MI undergo hypertrophy as a result
of volume and pressure load, leading to continuous cell death
with replacement of a fibrous tissue which is a principal
mechanism for LV remodeling and heart failure. Therefore, it
is imperative to develop systematic approaches to intervene
this natural course of post-MI LV remodeling and heart fail-
ure. The ability of the myocardium to successfully adapt to

cardiac injury ultimately determines whether the heart will
decompensate and fail, or whether instead it will maintain
preserved function. Thus, it would be highly desirable to in-
fluence I/R injury and healing of the cardiac wound to
maintain structure and function of the heart.

Ventricular remodeling is a long-lasting reparative process
following MI and also occurs after mechanical overload (for
example, in hypertension or valvular heart disease), inflam-
mation, and dilated cardiomyopathy. Despite the varying
etiopathology that these different aspects of heart disease
share, a similar sequence of molecular, biochemical, and me-
chanical events that can lead to heart failure, myocyte hy-
pertrophy, extensive extracellular matrix production and
fibrosis, even in patients who were previously unaffected by
the original disease process (for example, inflammation or
infarction).

Heart failure can be influenced by treatment of the under-
lying disease and by modification of the remodeling process
including direct inhibition of cardiomyocyte death pathway,
angiogenesis, and extracellular matrix organization. Ventricu-
lar remodeling can be an (early) adaptive response followed
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by a maladaptive (late) phase and involves all cells that are
present in the myocardium; cardiomyocytes, interstitial cells,
vascular endothelium, and immune cells. However, because
the goal of cardiac repair after myocardial injury is to preserve
functional myocardium, any interventions to modulate func-
tions of these cells should culminate in protection of cardio-
myocytes. There have been many interventions to protect the
diseased heart from heart failure. Timely recanalization of oc-
cluded coronary arteries with the aid of mechanical and
pharmacological tools are the direct and the most efficacious
way to limit infarct size and preserve functional myocardium.
Once the infarcted heart is revascularized, pharmacological
approaches and physical therapies are taken place to inhibit
the enlargement of infarct size. However, the molecular basis
of these interventions to protect the diseased heart remains
largely unclear.

Accumulating evidence indicates that nitric oxide (NO)
plays a central role in cell death/survival and tissue repair/
remodeling. NO is one of gaseous signaling molecules, which
were previously considered to be toxic. However, the identi-
fication of NO as the endothelium-derived relaxing factor
combined with the discovery of NO generation by nitric oxide
synthases (NOS)s primed an explosion of research in this area
in the 1990s (55, 94, 105). It is now apparent that NO and
cognate reactive nitrogen intermediates are involved in a wide
variety of pathophysiological processes in the cardiovascular
system where it orchestrates a plethora of cellular activities in
cardiomyocytes, endothelial cells, vascular smooth muscle
cells, and circulating inflammatory cells. Therefore, NO rep-
resents one of the most valuable molecular tools in modulating
cell death/survival. This article is an overview of the role of NO
in myocardial I/R injury, repair and remodeling, and will
discuss systematic approaches to preserve functional myocar-
dium by modulating NO signaling.

Role of NO in Modulating Cell
Death/Survival Signaling

Biosynthesis of NO

NO acts as a signaling molecule in conjunction with reac-
tive oxygen species (ROS) by generating oxidative/nitrosative
stress in the cell. NO possesses a number of key features that
collectively make this molecule ideally suited to its cellular
signaling functions. NO is a lipophilic diatomic gas under
atmospheric conditions. It has a relatively small Stoke’s radius
and this, in combination with its neutral charge, facilitates
rapid membrane diffusion (40). The presence of an unpaired
electron in NO supports its high reactivity with oxygen (O,),
superoxide (O, "), transition metals, and thiols, which largely
shape its cellular functions within the cell. The removal of the
unpaired electron in NO generates the nitrosonium cation
NO¥, while the addition of an electron forms the nitroxyl
anion (NO7). These different forms of NO exhibit distinct
chemical reactivities (129). NO reacts with O, to produce a
variety of distinct nitric oxides that each has unique reactivity
profiles. In the presence of O, , NO reacts with O, to form
peroxynitrite (ONOO™), a particularly destructive molecule
within biological systems (17).

Biosynthesis of NO is dependent on enzymatic activity of
NOS. Three distinct NOS isoforms have been identified by
molecular cloning: neuronal (nNOS), inducible (iNOS), and
endothelial (eNOS). NOS is a homodimeric oxidoreductase
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containing iron protoporphyrin IX (heme), flavin adenine
dinucleotide, flavin mononucleotide, and tetrahydrobiopterin
(BH,) which is a cofactor essential for the catalytic activity of
all three NOS isoforms (87,130). The flavin-containing re-
ductase domain and a heme-containing oxygenase domain
are connected by a regulatory calmodulin-binding domain. In
the case of constitutive NOS (i.e., nNOS and eNOS), binding of
Ca?"/calmodulin orients the other domains to allow nicotin-
amide adenine dinucleotide phosphate (NADPH)-derived
electrons generated in the reductase domain to flow to the
oxygenase domain (1), ultimately resulting in the conver-
sion of L-arginine to NO and L-citrulline. This occurs if BHy
is bound in the dimer interface, where it interacts with amino
acid residues from both monomers to stabilize NOS dimer-
ization and participate in arginine oxidation through the
N-hydroxyl-L-arginine intermediate and the subsequent gen-
eration of NO. BH, depletion, because of its oxidation and /or
reduced synthesis, can result in functional uncoupling of
NOS. Uncoupled NOS generates more ROS and less NO,
shifting the nitroso-redox balance and having adverse con-
sequences on the cardiovascular system. Thus, reduced BH,
and uncoupling of NOS plays an important role in I/R injury,
cardiac hypertrophy, and remodeling (88).

Pathophysiology of NO

Excessive generation of NO is detrimental to cardiovas-
cular function as exemplified in septic shock where burst
generation of iNOS-derived NO causes hypotension, cardio-
depression, and vascular hyporeactivity (138). An experi-
mental study has demonstrated that NO donors increase
cardiomyocyte cell death and switch the form of cell death
from apoptosis to necrosis as a function of their concentration
(141). The detrimental effect of excess NO is attributed to the
action on mitochondria. NO inhibits the mitochondrial re-
spiratory chain, resulting in inhibition of ATP production,
increased oxidant production, and increased susceptibility to
cell death (21, 26). Peroxynitrite inhibits mitochondrial res-
piration at multiple sites, and also causes mitochondrial per-
meability transition pore (MPTP) opening (20, 127), which is a
critical target for cardioprotection by ischemic precondition-
ing (IPC), as described later (95). Inhibition of mitochondrial
respiration by NO and its derivatives stimulates production of
reactive oxygen and nitrogen species by mitochondria (21),
which contribute to cell death in excess. NO inhibition of
mitochondrial respiration is likely to be more important in the
diseased heart where a large amount of iNOS-derived NO is
generated under the inflammatory conditions (19).

NO Signaling
Protein nitration

On the other hand, NO acts in favor of protecting the heart
from various noxious stimuli through the NO signaling. Al-
though peroxynitrite is a destructive molecule, it may simul-
taneously function as a cardioprotective molecule (34). One of
the important molecular targets of peroxynitrite is protein
tyrosine residues, which can be modified to fairly stable
3-nitrotyrosines (3-NT) upon reacting with peroxynitrite.
Protein nitration is a selective process with respect to both the
proteins and the specific protein tyrosine residues that can
undergo this post-translational modification (128). Nitration
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of protein tyrosine residues alters the functions of a variety of
proteins under physiological and pathophysiological condi-
tions both in vitro and in vivo (27, 58). Post-translational
modification of tyrosine residues has been shown to play an
important role in modulating the activity of several protein
kinase C (PKC) isozymes including PKC-¢ (5) which has
consistently been implicated in the cardioprotective signal
transduction (42, 77).

Activation of guanylyl cyclase

NO also binds a variety of hemoproteins forming a
nitrosyl-iron complex. For example, guanylyl cyclase (GC),
which generates cyclic guanosine monophosphate (cGMP), is
a key NO target (79). When NO binds to the heme group
within the regulatory domain. it forms an iron-nitrosyl-heme
complex that is required for GC activation and cognate cGMP
formation. Subsequently, the function of this enzyme acti-
vates a cGMP-dependent protein kinase, protein kinase G
(PKG), which regulates a plethora of cellular activities, in-
cluding vascular tone, cell survival, endothelial permeability,
and vascular homeostasis and proliferation (51).

cGMP content in the tissue is critically regulated by cGMP
phosphodiesterase (PDE). In the cardiovascular system, cGMP
hydrolysis is thought to be accomplished by PDE1, PDE2,
and PDES5. PDE1 contains an autoinhibitory domain which
maintains low activity in the absence of Ca’", and neighbor-
ing calmodulin binding domains that restore full activation in
the presence of Ca®"-calmodulin (81). PDE2 is not a primary
PDE in vascular smooth muscle, but is expressed in cardiac
myocytes, and recent data supports its role in the targeted
regulation of cGMP and cyclic adenosine monophosphate
(cAMP). PDES has been shown to play a key role in vascular
smooth muscle tone, particularly in the venous system of
the corpus cavernosum and the pulmonary vasculature. NO-
GC-generated cGMP and PDES5 inhibition have recently been
shown to suppress postischemic dysfunction in mice, and
these effects are attributed to the attenuation of cardiomyocyte
death due to necrosis and apoptosis by an NO-stimulated
increase in the ratio of Bcl2/Bax (36). The cardioprotective
effect of cGMP has been confirmed by the emergence of
sildenafil and other clinically approved PDE5 inhibitors, in-
cluding vardenafil and tadalafil, which have been proven
to prevent several cardiovascular disorders including essential
hypertension, endothelial dysfunction, I/R injury, MI, ven-
tricular remodeling, and heart failure in animal models (67).

Protein S-nitrosylation

In addition to activating GC/cGMP/PKG-dependent sig-
naling pathways, NO can directly modify sulfhydryl residues
of proteins through S-nitrosylation, which has emerged as an
important post-translational protein modification (46, 49, 83).
Furthermore, S-nitrosylation of critical protein thiols protects
them from further oxidative modification by ROS (49, 132,
160) that may be important in cardioprotection via protection
against oxidative stress and Ca®* overload in mitochondria
and resultant MPTP opening (24, 131). In line with this notion,
cardioprotective signal transduction mediated by tyrosine
nitration, PKG, and S-nitrosylation may converge on inhibi-
tion of MPTP opening by inhibiting oxidative stress and Ca>"
overload in mitochondria. Collectively, the role of NO in
cardiac injury and protection is summarized in Fig. 1.
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FIG.1. The role of nitric oxide (NO) in cardiac injury and
protection. Excess NO binds several components of mito-
chondrial respiratory chain (MRC), thereby inhibiting mito-
chondrial function and ATP generation, leading to cardiac
injury. NO in the presence of superoxide generates peroxy-
nitrite that is a highly reactive molecule causing tyrosine
nitration and destruction of critical proteins for cell sur-
vival. On the other hand, tyrosine nitration of certain pro-
teins is involved in cardioprotective signal transduction. NO
binds hemoproteins generating nitrosyl-iron complex. Re-
sultant activation of guanylyl cyclase (GC) generates cyclic
GMP (cGMP) and activates cGMP-dependent protein kinase
(PKG) which is involved in vasorelaxation and cardiopro-
tection. Alternatively, NO binds protein thiols, causing S-
nitrosylation of proteins involved in cardioprotective signal
transduction. All the cardioprotective signal transductions
promoted by NO converge on inhibition of mitochondrial
permeability transition pore (MPTP) opening.

Role of NO in Modulating I/R Injury
Role of NO in ischemic preconditioning

The first step in preserving functional myocardium is to
inhibit cardiomyocyte cell death. MI and the consequent loss
of functional myocardium is the most frequent cause of
chronic heart failure. Thus, extensive efforts have been ex-
erted to minimize infarct size associated with MI. Permanent
occlusion of coronary arteries produces as much as 80%
infarction/area at risk. However, timely reperfusion can
reduce infarction/area at risk to ~50% (156). Moreover, ap-
propriate myocardial protection during I/R could further re-
duce infarction/area at risk by >50%. The most established
approach for myocardial protection against I/R injury in an-
imal models is IPC. IPC was first discovered by Murry et al.
(96) and has been extensively studied by many investigators
in the last 2 decades. IPC is the state-of-the-art technique for
myocardial protection against I/R injury. It is now evident
that IPC has two distinct phases: an early phase that lasts from
a few minutes to 2-3h, and a late phase, termed late pre-
conditioning, which develops after 12 h, peaked between 24—
48h and lasts for 72-96h (7, 13, 155). Thus, the memory of
cardioprotection is the characteristic feature of both early and
late IPC (101). Importantly, the mechanism of cardioprotec-
tion mediated by IPC is intimately related to increased gen-
eration of NO, as illustrated in Fig. 2. IPC is induced by single
or repeated brief I/R before lethal periods of ischemia, during
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FIG. 2. The role of nitric oxide (NO) in cardioprotective
signal transduction mediated by ischemic preconditioning
(IPQ). IPC 1mplemented by transient ischemia (I)/reperfusion
(R) results in Ca®* overload in endothelial cells that activates
endothelial nitric oxide synthase (eNOS) through activation of
calcium/calmodulin-dependent protein kinase. Resultant in-
crease in eNOS-derived NO promotes post-translational
modifications of proteins in cardiomyocytes as described in
Fig. 1. Tyrosine nitration of protein kinase C-¢ (PKC-¢), cyclic
GMP-dependent protein kinase (PKG) activation of mito-
chondrial Katp (MitoKarp) channels, and S-nitrosylation of
critical protein thiols such as sarcoplasmic reticulum Ca®*
channels (SARCA) and mitochondrial F1-ATPase etc inhibit
mitochondrial permeability transition pore (MPTP) opening
wthat promotes both apoptotic and oncotic cell death. Alter-
natively, activation of PKC-¢ activates nuclear factor-kappa B
(NFKB) and increases transcriptional upregulation of induc-
ible nitric oxide synthase (iNOS). Concomitant upregulation
of the antioxidant defense system, particularly superoxide
dismutase (SOD), increases bioavailable NO derived from
iNOS via inhibition of conversion to peroxynitrite and un-
coupling of iNOS. Resultant increase in iNOS-derived NO is
an essential component of late preconditioning of which car-
dioprotective signal transduction also converges on inhibition
of MPTP opening.

which eNOS is activated (8). The eNOS-derived NO enters
cardiomyocytes and promotes NO-dependent cardioprotec-
tive signaling pathways. Tyrosine nitration of PKC-¢ has been
implicated in IPC-mediated cardioprotection (5). PKG acti-
vation, on the other hand, activates mitochondrial Ktp (mi-
toKatp) channels that play a triggering role by generating
superoxide, as described later, as well as a mediator role by
inhibiting MPTP opening (102). Relatively less is known about
the role of protein S-nitrosylation in cardioprotection afforded
by IPC. A recent study demonstrated that S-nitrosothiols were
detected in mitochondria isolated from IPC hearts, suggesting
that protein S-nitrosylation may play an important role in
IPC-mediated cardioprotection (24). Proteomic analysis have
demonstrated that IPC results in S-nitrosylation of a number
of proteins, including the cardiac sarcoplasmic reticulum
Ca”"-ATPase, a-ketoglutarate dehydrogenase, and the mito-
chondrial F1-ATPase o1 subunit (131). S-nitrosylation of these
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proteins by IPC may confer cardioprotection by preserving
ATP and inhibiting intracellular Ca*" overload.

Although an obligatory role of NO in mediating the early
IPC remains a considerable matter of debate (78, 107, 147), NO
can fully reproduce the cardioprotective effect of the early IPC
in the presence of other triggers of IPC (i.e., G protein-coupled
rceptor (GPCR) agonists and mitoK stp channel openers) and
this combined pharmacological preconditioning (PPC) has
been termed integrated PPC (142). The experiments performed
by Uchiyama et al. (142) suggest that integrated PPC is equally
effective as IPC in generating the memory of cardioprotection
by persistently activating mitoKatp channels, as illustrated in
Fig. 3. The capability of integrated PPC to generate the memory
of cardioprotective signal transduction was confirmed in the
cultured cardiomyocyte model in which integrated PPC with
adenosine (GPCR agonist), diazoxide (mitoKsp channel open-
er), and S-nitroso-N-acetyl-penicillamine (NO donor) confers
the memory of cardioprotection by sustained activation of
PKC-¢ and phosphatidylinositol 3-kinase (PI3K) (99). The
memory of cardioprotection could not be achieved by simply

GPCR agonist
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FIG. 3. The signal transduction pathways mediated by
integrated pharmacological preconditioning (PPC). Nitric
oxide (NO) derived from NO donors in concert with G
protein-coupled receptor (GPCR) activation with GPCR ag-
onists and mitochondrial Karp (mitoKarp) channel openers
promotes cardioprotective signal transduction through a
complex interplay between the signaling components. NO
induces activation of protein kinase C-¢ (PKC-¢) through
tyrosine nitration in the presence of superoxide which is
originated from mitoKarp channels. NO also activates
mitoKarp channels through activation of guanylyl cyclase
(GC) and increased generation of cyclic GMP (cGMP). PKC-¢
activates mitoKatp channels and increases superoxide gen-
eration, leading to positive feed-back activation of mitoKrp
channels and PKC-¢. GPCR activation results in membrane
asociation and activation of PKC-¢. GPCR activation also
promotes transactivation of growth factor receptors (GFR)
that activate phosphatidylinositol 3-kinase (PI3K). PI3K then
activates PKC-¢ via the protein—-protein interaction through
the activation of Src tyrosine kinase. PI3K also activates Akt
which inhibits glycogen synthase kinase-3f (GSK-3f). Acti-
vation of mitoKatp channels and inhibition of GSK-3f con-
verge on inhibition of mitochondrial permeability transition
pore (MPTP) opening and mitochondrial protection. This
illustration is adapted and modified from ref. 101.
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increasing the dose of each drug, but was successfully re-
produced by combining these drugs. These results reinforce the
hypothesis that the sustained activation of PKC-¢ and PI3K and
the memory of cardioprotection are mediated by NO in the
presence of GPCR agonists and mitoKp channel openers.

NO-mediated activation of GC and the subsequent gener-
ation of cGMP may play an additional role in amplifying the
memory of cardioprotection mediated by IPC. Xu et al. (151)
have demonstrated that exogenous NO generates superoxide
and induces cardioprotection through activation of cGMP/
PKG-dependent activation of mitoKa1p channels. PKG phos-
phorylates a protein on the mitochondrial outer membrane,
which then causes mitoK,tp channels on the mitochondrial
inner membrane to open, leading to increased production of
superoxide by the mitochondria. Such generation of super-
oxide have been implicated in the redox signaling for creating
the memory of cardioprotection (101).

The long-lasting nature of cardioprotection exerted by
the late IPC has encouraged investigators to exploit the
mechanism of this adaptive response to protect the ischemic
myocardium. It has been demonstrated that the delayed
protection against myocardial stunning and infarction was
completely abrogated when preconditioned animals had
been given a NOS inhibitor Nw-nitro-L-arginine (L-NAME)
24 h after IPC just before the second lethal ischemia (16, 133).
It is now evident that the late IPC is triggered by NO, gen-
erated by the eNOS and, acting via the formation of ROS,
activates a broad array of redox-sensitive transcription factors
such as nuclear factor-kappa B (NFKB), activating protein-1,
and signal transducers and activators of transcription fami-
lies (28) which mediate late cardioprotection by increasing
the synthesis of cardioprotective proteins such as manga-
nese superoxide dismutase (MnSOD) (54), iNOS (15, 158),
cyclooxygenase-2 (COX-2) (126), aldose reductase (123), and
heat shock proteins (82). Of these, iNOS appears to play an
essential role in the late IPC-mediated cardioprotection. Guo
et al. (43) demonstrated that the late IPC is associated with
upragulation of iNOS and that targeted disruption of iNOS
gene abrogated the delayed infact-sparing effect, providing
unequivocal evidence for an obligatory role of iNOS in the late
IPC. Immunohistochemical and in situ hibridization studies
have identified cardiomyocytes as the specific cell type that
expresses iNOS during the late IPC (144). A growing body of
evidence indicates that mitoK1p channels are the distal me-
diator of iNOS in the late IPC (10, 134), indicating that mito-
Katp channels are the common distal mediator of the early
as well as the late IPC. However, iNOS is not a sole mediator
of the late IPC. The recent study has identified COX-2 as an
obligatory co-mediator with NO to protect against myo-
cardial stunning and infarction (125). This observation also
strongly points to prostaglandin (PG) E, and/or PGI, as a
likely effector of COX-2-dependent protection, indicating that
COX-2 exists downstream of iNOS and COX-2 activity is in-
creased by iNOS-derived NO.

iNOS-derived NO may also be involved in the tolerance to
I/R injury in a variety of pathophysiological conditions where
iNOS expression is increased as a result of oxidative stress.
Kyoi et al. (71) demonstrated that iNOS-derived NO plays a
crucial role in the tolerance to I/R injury in the cardiomyo-
pathic hamster heart through activation of PKC and the
downstream effectors, mitoKarp channels. Moreover, Mat-
suhisa et al. (84) demonstrated that the angiotensin II type-1
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FIG. 4. The role of inducible nitric oxide synthase (iNOS)
and endothelial nitric oxide synthase (eNOS) in the toler-
ance to ischemia/reperfusion (I/R) injury in the hyperten-
sive heart. The hypertensive heart is exposed to oxidative
stress by activation of angiotensin II type-1 (AT1) receptors
and a variety of proinflammatory cytokines such as tumor
necrosis factor-o (TNF-x). Resultant activation of redox-
sensitive transcriptional factors such as nuclear factor-kappa
B (NFKB) promotes upregulation of iNOS. iNOS-derived
nitric oxide (NO) then activates cardioprotective signal trans-
duction as shown in Fig. 1, and exerts tolerance to I/R injury.
AT1 receptor blockers (ARB) inhibit oxidative stress, while
they activate eNOS by preventing oxidative stress-induced
endothelial cell injury and activating Akt (9). eNOS-derived
NO in turn activates cardioprotective signal transduction
mediating eNOS-dependent cardioprotection.

(AT1) receptor blocker (ARB) losartan preserves the tolerance
to I/R injury by activating eNOS, despite elimination of
redox-sensitive upregulation of iNOS and iNOS-dependent
cardioprotection in the Dhal salt-sensitive hypertension rat.
These findings suggest that although iNOS is a predominant
NOS isoform responsible for acquisition of tolerance to I/R
injury in the hypertensive heart, site-specific elimination of
ROS particularly derived from AT-1 receptors switches the
cardioprotective mechanism from iNOS-dependent to eNOS-
dependent. A schema of tolerance of the hypertensive heart to
I/R injury is illustrated in Fig. 4.

Role of NO in myocardial inflammation after Ml

There is growing recognition and experimental evidence
that oxidative/nitrosative stress mediated by ROS and NO
plays a role in the pathogenesis of myocardial repair after MI.
Although infarct size is primarily determined by the degree of
I/R injury within several hours after MI, cardiomyocyte death
is a progressive event and ultimate infarct size can be reduced
by appropriate interventions for post-MI myocardial repair.
The sequence of events that develops early during myocar-
dial repair is inflammation and necrotic tissue replacement
with fibrotic tissue. Inflammatory cells are accumulated soon
after MI and play a central role in tissue destruction and re-
pair. However, whether inflammatory cells accelerate or in-
hibit cardiomyocyte death after MI has been a controversial
issue. It has long been believed that ROS generated by infla-
mmatry cells contribute to the expansion of infarct size (80,
146). Myocardial I/R causes the release of chemotactic factors
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(chemokines) and overexpression of adhesion molecules in-
creases migration of inflammatory cells. The invading in-
flammatory cells, particularlly polymorphnuclear leukocyte
(PMN), may injure the myocardial vasculature and cardio-
myocytes by generating ROS. This hypothesis led to the idea
that free radical scavengers could mitigate myocardial injury
after MI. The combined use of SOD and catalase to scavenge
superoxide and hydrogen peroxide, respectively, was effec-
tive in limiting infarct size in a canine model of regional
myocardial ischemia and reperfusion (59). In addition, ibu-
profen, a representative nonsteroidal anti-inflammatory drug,
limited infarct size associated with marked suppression of
PMN accumulation within the ischemic myocardium (112).
Furthermore, PMN depletion by antiserum resulted in similar
reductions in ultimate infarct size and was accompanied by a
reduction in leukocyte infiltration (111). Reduction of infarct
size by free radical scavengers, ibuprofen, and PMN anti-
serum indicates that PMN and oxygen radicals participate in
the irreversible damage to the myocardium after MI. How-
ever, subsequent animal studies could not reproduce the
cardioprotective effect of free radical scavengers (12, 106, 137).
Clinical trials for reperfusion therapy with SOD in patients
with MI also failed to inhibit the development of infarction
(37, 66). The inability of free rdical scavengers to inhibit infarct
size in human does not necessarily indicate that inflamma-
tion is not involved in the expansion of infarction in human
subject. Several independent studies have demonstrated that
inflammation is indeed a critical event that increases cardio-
myocyte death after MI and NO prevents this detrimental
process by inhibiting inflammation. Corticosteroids exert ben-
eficial effects in the treatment of acute MI, but the precise
mechanisms underlying their protective effects are unknown.
Hafezi-Moghadam et al. (44) have shown that high-dose cor-
ticosteroids exert cardiovascular protection through the rapid
nontranscriptional activation of eNOS. Binding of corticoste-
roids to the glucocorticoid receptor (GR) stimulated PI3K and
Akt, leading to eNOS activation and NO dependent vaso-
relaxation. Acute administration of pharmacological concen-
trations of corticosteroids in mice led to decreased vascular
inflammation and reduced myocardial infarct size following
I/R. These beneficial effects of corticosteroids were abolished
by GR antagonists or eNOS inhibitors in wild-type mice and
were completely absent in eNOS-deficient mice. These results
indicate that corticosteroids may provide anti-inflammatory
action and cardioprotection in the post-MI heart through the
non-nuclear actions of GR and rapid activation of eNOS.
eNOS phosphorylation increases NO formation indepen-
dent of Ca?* /calmodulin, for example, after VEGF stimulation
(9). Kupatt et al. (68) investigated whether NO formed after
overexpression of VEGF or if phosphomimetic eNOS (51177D)
affects PMN-induced myocardial injury after I/R. In their
study, pigs were subjected to percutaneous liposome-based
gene transfer by retroinfusion of the anterior interventricular
vein 48 h before LAD occlusion (60 min) and reperfusion (24 h).
Thereafter, regional myocardial function was assessed as sub-
endocardial segment shortening, and infarct size was deter-
mined. Tissues from the infarct region, the noninfarcted area at
risk, and a control region were analyzed for NFKB activation,
tumor necrosis factor (TNF)-o, and E-selectin mRNA and in-
filtration of PMN. L-NAME was applied in one group of
VEGF-transfected animals. NFKB activition, PMN infiltration
in the infarct region, and area at risk of infarction were reduced
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after transfection of VEGF or eNOS S1177D, but not after
VEGF+L-NAME coapplication. Infarct size decreased and LV
function improved after either VEGF or eNOS S1177D trans-
fection, an effect inhibited by L-NAME coapplication. Thus, it
was concluded that retroinfusion of liposomal VEGF ¢cDNA
reduces NFKB-dependent postischemic inflammation and
subsequent myocardial reperfusion injury, an effect mediated
at least in part by enhanced eNOS phosphorylation. The ben-
eficial effect of VEGF-induiced eNOS activation on post MI
inflammation and myocardial injury is intriguing and warrants
further investigations.

The cardioprotective role of eNOS in inflammation-
induced myocardial injury after MI was also investigated by
Yin et al. (157) who reported that kallikrein gene delivery in-
creased cardiac eNOS phosphorylation and NO generation,
improved cardiac contractility and diastolic function, and
reduced infarct size at 1 day after I/R associated with reduced
macrophage/monocyte and PMN accumulation in the in-
farcted myocardium. The beneficial effect of kallikrein gene
delivery was abolished by treatment with icatibant, a kinin B2
receptor antagonist, or L-NAME, indicating that kallikrein
stimulates eNOS-derived NO generation that inhibits in-
flammation and myocardial injury after MI.

The anti-inflammatory action of eNOS-derived NO has
been implicated in the mechanism of cardioprotection by
hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors also known as statins. Statins have been established
in patients with cardiovascular diseases and also more re-
cently in patients who suffer acute coronary events, includ-
ing acute MI (113). The cardioprotective effect of statins is
mediated by both low density lipoprotein (LDL) lowering-
dependent and -independent mechanism (75). The latter in-
cludes improvement of endothelial function, stabilization of
fibrous plaques, and a decrease of vascular inflammation.
Statins have been shown to modulate the immune response
by inhibiting activation of immune-competent cells such as
macrophages, and antigen presentation to macrophages by
T cells. Moreover, treatment with statins can reduce expres-
sion, production, and circulating levels of chemokines such as
monocyte-chemoattractant protein-1, and proinflammatory
cytokines such as TNF-o, interleukin (IL)-6 and IL-18, thereby
inhibiting inflammation on endothelial cells. Statins enhance
eNOS-derived NO bioavailability by upregulating eNOS
expression via post-transcriptional mechanisms (35, 63, 69,
74) and preventing its downregulation by oxidized LDL-
cholesterol (145). The role of eNOS-derived NO in inhibiting
inflammation and myocardial injury after MI by treatment
with statins was studied by Yamakuchi et al. (152) who
demonstrated that simvastatin reduced infarct size after MI in
mice by inhibiting endothelial exocytosis and PMN infil-
tration in a manner dependent on an increase in NO and
S-nitrosylation of the N-ethylmaleimide sensitive factor, a
critical regulator of exocytosis. The role of eNOS-derived
NO in inflammation-induced injury was also investigated in
in vitro anoxia/reoxygenation (A/R) preconditioning using
eNOS or iNOS deficient cardiomyocytes (114). This study
demonstrated that inflammation as evaluated by oxidant
stress and PMN transendothelial migration was inhibited in
cardiomyocytes that had undergone preconditioning A/R
24h before the second A/R challenge. The delayed
preconditioning effect was absent in eNOS- but not iNOS-
deficient cardiomyocytes or in cardiomyocytes treated with
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MnSOD antisense oligonucleotide, indicating that eNOS-
derived NO and MnSOD act in concert in the development
of delayed preconditioning and inhibition of inflammation
in cardiomyocytes. This scenario seemingly contradicts the
obligatory role of iNOS in the late preconditioning as de-
scribed before. However, in the former study, the potential
involvement of eNOS in cardioprotection is related to the anti-
inflammatory effect that is necessary relatively later after re-
perfusion than that iNOS-dependent cardioprotection which
occurs during ischemia and immediately after reperfusion.
Although the role of scavenging superoxide by upregulating
MnSOD in potentiating the anti-inflammatory effect of eNOS
remains unclear, but may be related to the increase in the
bioavailability of NO. Figure 5 depicts a proposed mechanism
for cardioprotection against inflammation-induced myocardial
injury after MI by enhanced generation of eNOS-derived NO.

As described before, the role of iNOS during the inflam-
matory phase of infarction is controversial. iNOS was signif-
icantly increased in infarcted myocardium 48 h after coronary
artery ligation (150). The effect persisted for 14 days and de-
clined thereafter. Immunohistochemical localization revealed
macrophages as a major source of iNOS expression, but iNOS
expression was also present in infarcted human myocardium.
Increased iNOS activity appeared to be related to the induction
of apoptosis in infiltrating macrophages and cardiomyocytes.
Moreover, inhibition of iNOS by S-methylisothiourea sulfate
resulted in significant improvement of LV performance and
increased regional myocardial blood flow. These findings
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FIG.5. A model of cardioprotection against inflammation-
induced myocardial injury after myocardial infarction (MI)
by enhanced generation of endothelial nitric oxide synthase
(eNOS)- and inducible nitric oxide synthase (iNOS)-derived
nitric oxide (NO). MI promotes inflammatory cell infiltration.
Infiltrated inflammatory cells generate reactive oxygen spe-
cies (ROS), proteases, and proinflammatory cytokines. ROS
and proteases can directly cause endothelial cell (ETC) injury,
while proinflammatory cytokines activate death pathways
within the ETCs. Resultant ETC dysfunction causes inap-
propriate constriction of resistance vessels distal to the site of
coronary occlusion, leading to myocardial ischemia and car-
diomyocyte death that further increases interstitial fibrosis
and scar formation. Pharmacological tools such as corticoste-
roids, vascular endothelial growth factor (VEGF), kallikrein,
and statins are able to activate eNOS, thereby ameliorating
ETC function and inhibiting cardiomyocyte death.
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suggest that upregulation of iNOS is detrimental to the post-MI
heart. However, during the inflammatory phase of MI, there
are plentiful sources of ROS that increase the formation of
iNOS-derived peroxynitrite instead of NO and enhance tissue
destruction. Thus, as in the case for eNOS, elimination of ROS
in the proximity of iNOS increases the bioavailability of NO
and may convert this NOS isoform from a pro-inflammatory to
an anti-inflammatory phenotype.

Role of NO in Neovascularization After MiI

Neovascularization is an important part of tissue repara-
tive process after MI and plays a crucial role in preserving
functional myocardium. Neovascularization consists of an-
giogenesis and vasculogenesis; the former is produced by
sprouting of pre-existing vessels, and the latter is believed to
be accomplished by recruitment of circulating endothelial
progenitor cells (EPCs) to the site of neovascularization and
differentiating into endothelial cells (93). The extent of in-
terstitial fibrosis and scar formation after MI critically de-
pends on neovascularization. Enhanced neovascularization
and rapid development of coronary collaterals prevent car-
diomyocyte death at the infarction border, reduce ultimate
infarct size, and improve cardiac function. Sasaki et al. (117,
118) demonstrated that hypoxic preconditioning promoted
angiogenesis after permanent occlusion of the left coronary
artery in rats associated with significant reduction of infarct
size and improvement of LV functional reserve as evaluated
by a pharmacological stress test with dobutamine 1-3 weeks
after MI. Further studies carried out by this group (38) have
revealed that hypoxic stress triggers angiogenic signal in-
cluding overexpression of VEGF, anti-death proteins Bcl-2
and surviving, and promotes endothelial cell growth within
the infarcted tissue, leading to enhanced angiogenesis and
inhibition of cardiomyocyte cell death. A more recent study
(56) has demonstrated that IPC promotes rapid recruitment of
EPCs to the heart, and NO produced in these EPCs are
responsible for generation of cardioprotective cytokines in-
cluding VEGF, suggesting that not only pre-exsiting endo-
thelial cell-derived NO but also EPC-derived NO contribute
to neovascularization and cardioprotection afforded by IPC.
In addition, NO is involved in recruitment of circulating EPCs
to the site of ML It has been demonstrated that diabetic EPCs
do not migrate in response to VEGF, but exogenous NO can
reverse this impairment (121), indicating that NO is required
for both migratory activity of circulating EPCs to the infarcted
myocardium and differentiation and growth of these EPCs
into endothelial cells to support neovascularization.

Because IPC cannot be implemented before the occurrence
of MI, pharmacological approaches to enhance angiogenesis
after MI have gained an increasing interest in the clinical
arena. Of these, statins have been a target of extensive in-
vestigations, and a growing body of evidence suggests that
the beneficial effect of statins is at least in part attributed to
enhanced neovascularization in animal models of MI. Recent
studies have suggested that eNOS-derived NO plays a crucial
role in neovascularization in the ischemic myocardial tissue
after treatment with statins. It has been demonstrated that
atorvastatin therapy improves eNOS-derived NO bioavail-
ability and increases mobilization of EPCs and neovascular-
ization at the infarct border associated with improvement of
LV function and survival after MI (72), suggesting a critical


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2453&iName=master.img-004.jpg&w=204&h=171

1920

role for restored NO production in statin-induced EPC mo-
bilization and myocardial neovascularization. Bacause mo-
bilization of EPCs is involved in neovascularization (3), a
marked enhancement of eNOS-dependent EPC mobilization
after statin treatment supports a notion that eNOS-derived
NO plays a crucial role in mobilization of EPCs and improved
myocardial neovascularization. In addition, statin treatment
increases the expression of adhesion molecules on mobilized
EPCs (143) and reduces senescence of EPCs (4) that may have
important impact on their functional capacity at the site of
ischemia. Other potential mechanisms whereby restored
eNOS-derived NO production improves myocardial neo-
vascularization after treatment with statins include reduced
expression of growth inhibitors (i.e., angiostatin) (85), and an
improved local VEGF expression and activity that have been
observed after overexpression of eNOS (97). These findings
are consistent with the notion that preservation of eNOS-
derived NO bioavailability and neovascularization is one of
the beneficial effects of statin treatment after ML

Another pharmacological tool that enhances neovascular-
ization in the infarcted myocardium is resveratrol, a red wine
and grape-derived polyphenolic antioxidant, which stimu-
lates NO production and ROS scavenging activity, thereby
increasing bioavailability of NO in the cells exposed to oxi-
dative stress (57, 109). Such an increase in the bioavailability
of NO appears to be involved in repair of infarcted myocar-
dium by potentiating neovascularization. Kaga et al. (62) have
demonstrated that resveratrol enhances neovascularization in
the infarcted rat myocardium by increasing the expression of
VEGF through the induction of thioredoxin-1 and heme
oxygenase-1, both of which activities are regulated under the
redox modulation by NO (32, 104, 149). Perhaps many more
pharmacological tools could enhance neovascularization in
the ischemic myocardium by taking advantage of NO. Fur-
ther studies will be warranted to elucidate the mechanism of
action by which NO enahnces recruitment of EPCs and en-
dothelial cell differentiation and growth in the ischemic heart.
A putative model of enhanced neovascularization induced by
eNOS-derived NO is illustrated in Fig. 6.

Role of NO in LV Remodeling and Heart Failure

Ventricular remodeling describes structural changes in the
LV in response to chronic alterations in loading conditions,
with three major patterns: concentric remodeling, when a
pressure load leads to growth in cardiomyocyte thickness;
eccentric hypertrophy, when a volume load produces myo-
cyte lengthening; and myocardial infarction, an amalgam of
patterns in which stretched and dilated infarcted tissue in-
creases LV volume with a combined volume and pressure
load on noninfarcted areas (100). Large infarcts induce a pro-
cess of cardiac remodeling that includes gross morphologic,
histological, and molecular changes of both the infarcted and
the residual noninfarcted myocardium. LV remodeling is a
strong prognostic determinant and is closely related to the
incidence of arrhythmias and sudden cardiac death. There-
fore, prevention of remodeling is of prime importance in
preserving functional myocardium and preventing the de-
velopment of heart failure after MI.

Because inhibition of eNOS-derived NO production results
in impaired endothelium-dependent vasodilation, reduced
myocardial neovascularization, and impaired mobilization of

OTANI

Statins
Resveratrol

Vasculogenesis Angiogenesis

N furieudi

FIG. 6. A model of enhanced neovascularization induced
by endothelial nitric oxide synthase (eNOS)-derived NO.
Myocardial infarction (MI) causes hypoxia at the infarction
border. Hypoxia activates hypoxia-inducible factor (HIF)
which then promotes upregulation of vascular endothelial
growth factor (VEGF) (122). VEGF stimulates growth and
proliferation of endothelial cells (ETCs), leading to angio-
genesis. Hypoxic preconditioning (HPC) and ischemic pre-
conditioning (IPC) facilitate this process. On the other hand,
MI stimulates mobilization of endothelial progenitor cells
(EPCs) from the bone marrow and their recruitment to the
site of infarction in the presence of eNOS-derived NO,
leading to vasculogenesis. HPC and IPC also stimulate this
process. EPCs recruited to the infarcted myocardium secrete
VEGEF, thereby also contributing to angiogenesis. Increased
number of ETCs generates more eNOS-derived NO that
promotes positive feedback regulation of angiogenesis and
vasculogenesis, culminating in enhanced neovascularization.
Pharmacological tools such as statins and resveratrol activate
eNOS and contribute to neovascularization.

EPCs, it is hypothesized that the deficiency of eNOS-derived
NO causes LV remodeling and heart failure in the diseased
heart. There is evidence that impaired eNOS-derived NO
bioavailability plays an important role in the pathophysiology
of heart failure after experimental MI (6, 108, 148) and in
patients with heart failure (30, 53, 91, 139). Furthermore,
eNOS-deficient mice develop more severe LV dysfunction
and remodeling after MI than do wild-type mice (120), and
vice versa, endothelial overexpression of eNOS has been
shown to attenuate LV dysfunction in mice after MI (61).
However, the salutary effect of NO on heart failure is lost by
co-existence of oxidative stress from eNOS uncoupling that
stimulates cardiac pathologic remodeling from chronic pres-
sure load. It has been shown that in a transgenic eNOS
knockout model with low ROS production, severely pressure-
loaded hearts developed only modest concentric hypertrophy
with little fibrosis and without LV cavity dilation (136), indi-
cating that eNOS activation becomes detrimental rather than
beneficial in LV remodeling when ROS co-exists and eNOS
uncoupling occurs. Consistent with this notion is the fact that
administration with BH4 in mice with pressure load-induced
LV hypertrophy ameliorated LV remodeling (90, 136).

The beneficial effect of NO in inhibiting LV remodeling
may atleast in part be mediated by the GC/cGMP system. The
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inhibitory cardiovascular signals mediated by cGMP com-
bat harmful adrenergic effects in the human heart (18). Fur-
thermore, genetically-increased synthesis of cGMP inhibits
pressure load-induced pathological remodeling (135). Via
enhanced generation of cGMP, sildenafil ameliorates heart
failure through systemic vasodilation and a decline in cardiac
hypertrophy (50, 116). Taken together, these data strongly
support the protective role of the GC/cGMP system in both
developing and established heart failure. Contribution of
other signaling pathways mediated by NO to inhibition of
LV remodeling and heart failure remains to be investigated.

As in the case for inflammation, the role of iNOS in LV
remodeling and heart failure is controversial. The prevailing
hypothesis that increased NO production through over-
expression of iNOS contributes to detrimental cardiac re-
modeling in the failing heart (31, 39, 48, 52). However, this
concept appeared to be at odds with a large body of evidence
indicating that iNOS-derived NO is cardioprotective against
I/R injury (14). Indeed, our group has found that iNOS plays
a protective role in LV remodeling in the cardiomyopathy
hamster hearts (unpublished observation). More importantly,
removal of oxidative stress using ARB in those hearts cov-
erted the cardioprotective effect from iNOS-dependent to
eNOS-dependent as is the case for ARB-mediated cardio-
protection against I/R injury. In contrast, the genuine anti-
oxidant N-acetylcysteine abolished ARB-mediated inhibition
of LV remodeling by inhibiting redox-sensitive activation of
eNOS, indicating that the site-specific rather than indiscrim-
inate removal of oxidative stress is important in eliciting
eNOS- and/or iNOS-dependent cardioprotection against LV
remodeling and heart failure.

Compared to eNOS and iNOS, the mechanisms by which
nNOS influences myocardial pathophysiology remain incom-
pletely understood. However, the recent experimental studies
point to an important role for myocardial constitutive NO
production through nNOS in the regulation of basal and
a-adrenergic cardiac function (23, 25, 76). Importantly, nNOS
gene deletion has been associated with more severe LV re-
modelling and functional deterioration in murine models of
MI (29), suggesting that nNOS-derived NO may also be in-
volved in the myocardial response to injury. However, it seems
oversimplistic to assume that all aspects of the myocardial
phenotype of nNOS knockout [NNOS(—/—)] mice are a direct
consequence of lack of NO production from this source.
Emerging data showing co-localization of xanthine oxidore-
ductase (XOR) and nNOS in the sarcoplasmic reticulum of
rodents, and increased XOR activity in the nNOS(—/—) myo-
cardium (25), suggest that nNNOS gene deletion may have wider
implications on the myocardial redox state. Similarly, the
mechanisms regulating the targeting of myocardial nNOS to
different subcellular compartments and the functional conse-
quences of intracellular nNOS trafficking have not been fully
established. Whether this information could be translated into a
better understanding and management of human heart failure
remains the most important challenge for future investigations.
Accordingly, the hypothetical mechanism for NO-mediated
inhibition of LV remodeling after MI is summarized in Fig. 7.

Strategies to Increase the Bioavailability of NO

As described above, pharmacological tools such as ARB,
statins, corticosteroids, VEGF, kallilrein, and resveratrol could
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FIG. 7. The hypothetical mechanism for nitric oxide
(NO)-mediated inhibition of LV remodeling after myo-
cardial infarction (MI). MI causes volume and pressure load
in remaining functional myocardium, leading to activation of
angiotensin II type-1 receptors (AT1Rs). Activation of AT1Rs
generates reactive oxygen species (ROS) and promotes
redox-sensitive upregulation of inducible nitric oxide syn-
thase (iNOS) that acts to inhibit LV remodeling when a
sufficient amount of iNOS-derived NO remains generated, in
spite of iNOS uncoupling. Angiotensin II type-1 receptor
blockers (ARBs) inhibit ROS generation and iNOS expres-
sion, but in turn activate endothelial nitric oxide synthase
(eNOS). Activation of eNOS in conjunction with elimination
of ROS increases bioavailable NO that strongly inihibits LV
remodeling. Neuronal nitric oxide synthase (nNOS)-derived
NO may also contribute to inhibition of LV remodeling after
MI when ROS generation is properly controled. Replenish-
ment with tetrahydrobiopterin (BH4) that is depleted by ROS
inhibits uncoupling of all isoforms of NOS. This recoupling
of NOS inhibits ROS generation and oxidative stress and
increases bioavailable NO, leading to powerful inhibition of
LV remodeling. Arrows with broken lines represent the path-
ways toward uncoupling of NOS.

enhance the generation of NO by activating eNOS. However,
activation of eNOS and perhaps other NOS isoforms (i.e.,
iNOS) and nNOS alone appears to be insufficient or even
deleterious for cardioprotection when NOS uncoupling oc-
curs. NOS uncoupling is the most important endogenous
mechanism by which bioavailable NO is diminished in the
tissue. NOS uncoupling occurs as a result of depletion of BH4
by oxidative stress in the proximity of NOS (11, 119). Recent
experimental studies support an important pathophysiologi-
cal role of BH4 deficiency as well as the therapeutic potential
of BH4 repletion for hypertension, endothelial dysfunction,
atherosclerosis, diabetes, cardiac hypertrophic remodeling,
and heart failure (88-90). In addition to BH4, studies are also
examining the potential role of folic acid therapy, because folic
acid can enhance BH4 levels and the NOS coupling state (89).
Pharmacological tools that eliminate ROS in the proximity of
NOS can also increase the bioavailability of NO. It has been
demonstrated that statins (60), angiotensin converting en-
zyme inhibitors (154), ARB (153), resveratrol (62), aldosterone
blockers (22), PDE5 inhibitors (98), and the anti-diabetic
thiazolidinedione (86) produce salubrious effects in experi-
mental models of MI via their enhancement of NO bioavail-
ability. In this context, any pharmacological tools that act
as an antioxidant in a site-specific fashion in the proximity


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2453&iName=master.img-006.jpg&w=150&h=154

1922

of NOS could enhance the bioavailability of NO and confer
cardioprotection. On the contrary, indiscriminate removal of
ROS compromises intrinsic cardioprotective mechanism sen-
sitive to rodox modulation (101).

Among the maneuvers that increase the bioavailability of
NO without pharmacological tools, regular exercise may rep-
resent the most convenient, economical, and effective means.
Growing body of evidence indicates that regular exercise
upregulates and activates eNOS concomitant with upregula-
tion of antioxidant systems. Although acute exercise activates
eNOS through a redox-sensitive mechanism (2, 73), regular
exercise eventually suppresses oxidative stress and inhibits
eNOS uncoupling. Increased NO bioavailability by regular
exercise in human was first demonstrated by Roberts et al.
(110) who demonstrated that diet and exercise decreased ox-
idative stress and increased NO production associated with a
decrease of blood pressure and an increase in insulin sensi-
tivity. Subsequent experimental studies confirmed the efficacy
of exercise training in endothelium-dependent vasorelaxation
and NO bioavailability by upregulating eNOS and inhibiting
oxidative stress (41, 92, 115). The beneficial effect of regular
exercise on NO bioavailability may be associated with im-
provement of functional capacity and prognosis in patients
with chronic heart failure (33, 45, 64). Taken together, it is im-
perative to address whether increasing the bioavailability of
NO is a universal mechanism for cardioprotection against I/R
injury, LV remodeling, and heart failure.

Concluding Remarks

Despite tremendous efforts to preserve functional myo-
cardium after MI, only selected approaches are effective in
improving the prognosis of heart failure in the clinical arena.
Because development of congestive heart failure after MI
passes through several critical stages with distinct and over-
lapping pathophysiology, it is necessary to implement sys-
tematic approaches to overcome pathophysiological problems
unique at each stage. Inhibition of I/R injury is of prime im-
portance in preserving functional myocardium at the first stage
in ML IPC and PPC are the state-of-the-art techniques that
acutely activate cardioprotective signal transduction. Although
application of IPC before the onset of MI may not be feacible,
the late precondtioning effect can be obtained by phramaco-
logical tools and regular exercise. Caloric restriction is also
cardioprotective aginst I/R injury (124). f-Blockers have long
been known to inhibit I/R injury by reducing myocardial ox-
ygen demand. A recently emerging hypothesis that myocardial
reperfusion injury is produced by physical stress imposed on
cardiomyocytes with fragile sarcolemmal membrane at the
time of reperfusion associated with restoration of contractile
activity (65, 70, 103) encourages the use of f-blockers con-
comitant with timely reperfusion therapies. Ischemic post-
conditioning is a series of brief mechanical interruptions of
reperfusion following a specific prescribed algorithm applied
at the very onset of reperfusion and is a realistic means to
activate cardioprotective signal transduction against reperfu-
sion injury during coronary interventions for acute MI (47, 159).
After this first stage of MI, prevention from pathological re-
modeling becomes a therapeutic target. The approaches
against LV remodeling include inhibition of inflammation,
stimulation of neovascularization either by pharmacological
tools or stem cell therapy that has recently been emerged as
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“therapeutic angiogenesis” (140). Mechanical unloading of the
LV from hypertension and volume load is a fundamental ap-
proach for preventing pathological remodeling. Regular exer-
cise not only confers cardioprotection against I/R injury
through the late preconditioning effect but also improves
functional capacity that ultimately decreases oxygen demand in
the heart. It appears that these approaches employ NO at least
in part in mediating the salutary effects on I/R injury and
pathological remodeling.

NO could be a foe and friend for the failing heart de-
pending on the bioavailability of NO. Cellular redox status is
a major determinant of the bioavailability of NO. Oxidative
stress decreases the bioavailability of NO by depleting BH4
and causes NOS uncoupling that further decreases bioavail-
able NO. Recently emerging cardioprotective drugs such as
ARB and statins increase bioavailable NO by upregulating
eNOS while inhibiting eNOS uncoupling by preventing
NADPH oxidase activation. Supplementation with exoge-
nous BH4 can restore normal NO biosynthesis by providing
an optimal condition for NOS catalytic activity. On the con-
trary, indiscriminate removal of ROS or NO compromises
redox-sensitive cardioprotective signal transduction. Although
the exact mechanism by which NO confers cardioprotection
remains to be clarified, the nitrotyrosine-, cGMP- and the
S-nitrosylation-dependent signal transduction pathways are the
potential mechanism for cardioprotection. Better understand-
ing of the biochemistry and physiology of NO signaling
will pave the way for preserving functional myocardium
and rejuvenating the diseased heart by potentiating adaptation
of the heart to I/R injury and postinfarction ventricular re-
modeling.

Acknowledgments

This work was supported in part by Research Grant
16591420 from the Ministry of Education, Science, and Cul-
ture of Japan, and Promotion and Mutual Aid Corporation for
Private Schools of Japan.

Abbreviations

A/R, anoxia/reoxygenation; ARB, angiotensin II type-1
receptor blocker; AT1, angiotensin II type 1; ATP, adenosine
triphosphate; BH4, tetrahydrobiopterin; cAMP, cyclic adeno-
sine monophosphate; cDNA, complementary deoxyribonu-
cleic acid; cGMP, cyclic guanosine monophosphate; COX,
cyclooxygenase; eNOS, endothelial nitric oxide synthase; EPC,
endothelial progenitor cell; GC, guanylyl cyclase; GPCR, G
protein-coupled receptor; GR, gluocorticoid receptor; HIF,
hypoxia-inducible factor; HMG-CoA, hydroxymethylglutaryl
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