
Fukushima Medical University

福島県立医科大学 学術機関リポジトリ

This document is downloaded at: 2023-05-22T22:18:04Z

Title

Noninvasive myocardial endothelial intervention in the
persistence of coronary stenosis: a concept of myocardial
endothelial nitric oxide activator through heart failure research
on clinical demand

Author(s) Yaoita, Hiroyuki; Watanabe, Kenichi; Ogawa, Kazuei;
Maruyama, Yukio

Citation Fukushima Journal of Medical Science. 51(2): 51-66

Issue Date 2005-12

URL http://ir.fmu.ac.jp/dspace/handle/123456789/171

Rights © 2005 The Fukushima Society of Medical Science

DOI 10.5387/fms.51.51

Text Version publisher



Fukushima J. Med. Sci., 
Vol. 51, No.2, 2005 

[Review Article] 

NONINVASIVE MYOCARDIAL ENDOTHELIAL INTERVENTION 
IN THE PERSISTENCE OF CORONARY STENOSIS: 

A CONCEPT OF MYOCARDIAL ENDOTHELIAL NITRIC OXIDE 
ACTIVATOR THROUGH HEART FAILURE RESEARCH 

ON CLINICAL DEMAND 
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(Received May 19 2005, accepted July 11, 2005) 

Abstract: Protection of ischemic myocardium has been attempted by a variety of 
pharmaceutical and non-pharmaceutical methods. When the coronary intervention 
is not indicated by some reasons in patients with ischemic heart failure, medical 
treatments are expected to offer cardioprotection against the persistence of 
stenotic/occlusive lesions of the epicardial coronary artery. The pharmaceuticals 
such as the angiotensin-converting enzyme inhibitor, angiotensin receptor blocker, 
beta blocker, Ca antagonist, ATP-sensitive K channel opener and statin, or non
pharmaceutical approaches such as physical exercise, cardiac resynchronization, 
ventricular assist devices, and preconditioning upon ischemic insults appear to 
improve myocardial endothelial nitric oxide (NO) synthase (eNOS) function. Such 
eNOS activation contributes to amelioration of the cardiac dysfunction and remode
ling induced by myocardial ischemia. Therefore, based on clinical evidence and 
basic research on clinical demand, we postulate a concept of 'myocardial endothelial 
NO activator' from the standpoint of mechanistic insights beyond the class-effects 
of each pharmaceutical category and each non-pharmaceutical intervention. In 
addition to such continuous eNOS activation for treating chronic ischemic heart 
failure, rapid eNOS activation in the setting of acute ischemic events upon chronic 
myocardial ischemia by new strategies such as postconditioning seems to be also 
essential for developing further effective anti-heart-failure therapies. 
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INTRODUCTION 

Patients with chronic heart failure are increasing in number, and ischemic heart 
disease is one of the major causes. There are several therapies for chronic ischemic 
heart failure, that is, pharmacotherapies [with such as angiotensin-converting 
enzyme (ACE) inhibitor, angiotensin II receptor blocker (ARB), beta blocker, 
nitrates, long-acting calcium (Ca) antagonist, and ATP-sensitive potassium (K) 
channel (KA TP) opener], lifestyle corrections, physical exercise, and percutaneous 
or surgical coronary interventions. These therapies have different pathways up
stream to mitochondria on their effects although their downstream mechanism(s) 
may be shared for the ultimate objective, the amelioration of ischemic heart failure. 

In ischemic heart failure, coronary interventions to coronary stenotic/occlusive 
lesions are essential ways to attenuate cardiac dysfunction and to improve the 
prognosis if a significant amount of viable myocardium is rendered ischemic, and 
cardiac function is deteriorated. However, such coronary interventions may not be 
always possible due to anatomical and/or physical difficulties, medical costs, or 
patient reductance. Therefore, in the presence of epicardial coronary stenotic/ 
occlusive lesions, non-invasive therapies such as pharmaceuticals or physical exer
cise may be alternatives. One of the targets, in such situations, may be the coronary 
microvascular endothelial function in the persistence of epicardial coronary lesions. 
Coronary microvascular tone less than 300 ,urn in diameter predominantly regulates 
coronary blood supply. There are myocardial flow-regulating mechanisms, such as 
autonomic innervation, myogenic tone, metabolic vasodilation, and endothelial 
function, the coronary endothelial function. Among them, especially endothelial 
nitric oxide (NO) synthase (eNOS), has been extensively investigated in relation to 
successful medical therapies i •2). However, the framework for clinical applications 
of eNOS activation and/or improvement of the endothelial function has not been 
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Fig. 1. Concept of 'myocardial endothelial nitric oxide (NO) activator.' 
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fully established. It may be possible to assume that medical therapies of the 
different categories mentioned above may constitute a concept of 'myocardial 
endothelial NO activator' (Fig. 1). The emerging and awaited issue is the answer to 
the question whether and how myocardial endothelial NO activation contributes to 
ameliorating ischemic heart failure. The clinical evidence and the basic research on 

clinical demand to seek for its mechanistic insights would lend a clue for it. Thus, 
this paper aims to introduce a concept of myocardial endothelial NO activator in the 
treatment of heart failure, especially of ischemic origin, to seek out the future 
directions for the therapies. 

CASCADES OF CARDIOMYOCYTE DEATH 

The cascade of cardiomyocyte injury by toxic impulses and the targets of anti
heart-failure interventions are shown in Fig. 2. Myocardial ischemia and the 
associated cardiotoxicity (inflammation, Ca overload, free radical generation, 
acidosis, etc.) given at the premitochondrial stage cause mitochondrial respiratory 
dysfunction. This results in an increase in the number of mitochondria as a compen
sative mechanism, and augmented protein production for the cellular stresses. The 
production of imperfect proteins, which occurs at a certain rate during the augment
ed protein synthesis, threatens the homeostasis of the living cells, and leads to the 
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Fig. 2. Targeted stages of therapeutic interventions in cascade of cardiomyocyte 
injury caused by persistent coronary stenosis. mPTP, mitochondrial permeabi
lity transition pore; ARB, angiotensin II receptor blocker; KA TP opener, A TP
sensitive K channel opener. 
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enhanced phagocytosis of such protein gavages (autophagy). Some of the auto· 
phagic cells die of exhaustion in this process (autophagic cell death)3). 

If a mitochondrial permeability transition pore opens by exceeding the threshold 
of Ca storage in damaged mitochondria, the mitochondrial trans-membrane voltage 
difference is lost, resulting in direct irreversible changes (necrosis) or goes transition 
into the energy-requiring suicide process triggered by the cytochrome c release into 
cytoplasm (apoptosis) and often subsequent structural changes mimicking necrosis 
(secondary necrosis). 'A point of no return' for cell death exists around the position 
of these processes of mitochondrial permeability transition pore opening and cyto
chrome c release (Fig. 2)4). 

TARGETS OF ANTI-HEART-FAILURE AGENTS 

In the cascades of cardiomyocyte injury, therapeutic interventions focused on 
the post-mitochondrial stage4) (after 'a point of no return') fail to rescue the 
myocardium (e.g., caspase-3 inhibition using its inhibitors, reperfusion therapy after 
completion of cell death in myocardial infarction) (Fig. 2). Most of the successful 
therapeutic interventions with different action mechanisms target the premitochon
drial stage of this cell death pathway. Although not all of the interventions which 
affect the mitochondrial stage have been clarified, a broad caspase inhibitor (ZV AD
fmk)5.6) and cyclosporin A7) prevent the ROS-induced collapse of mitochondrial 
membrane potentials. Actually, both agents can reduce experimental myocardial 
infarct size due to acute coronary occlusion and reperfusion5.7). Mitochondrial 
KA TP channel opener (diazoxide) also reduces Ca concentration in the mitochon
drial matrix resulting in the resistance to the opening of the permeability transition 
poreS). These interventions have not been in clinical use since their sites of actions 
are not heart-specific and may have several pharmacological effects not intended for 
this purpose (e.g., possible carcinogenesis by caspase inhibition although it is not 
proven, and hyperglycemia due to KATP channel-mediated inhibition of insulin 
secretion by the pancreas). In regard to this mitochondrial stage, mitochondrial 
NOS, a constitutive form of NOS in the mitochondrial inner membrane, exists in the 
heart as well as in the liver, brain and kidney. The functions of mitochondrial NOS, 
its regulatory mechanisms and relations to pharmacotherapies are mostly un· 
known9). 

In the premitochondrial stage of the cell death pathway, myocardial endothelial 
NO activators protect myocardium via pleiotropic mechanisms such as: 1) the 
reduction of Ca influx in cardiomyocytes leading to attenuation of Ca overload and 
suppression of apoptosis; 2) endothelium-dependent vasodilatation resulting in the 
improvement of myocardial perfusion and a reduction of cardiac afterload; and 3) 
an anti-inflammatory effect by inhibition of adhesion molecules to the endothelium, 
as well as a superoxide-scavenging effect. 
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PHARMACEUTICAL INTERVENTIONS 

Nitric Oxide Precursor 

L-arginine is a precursor of NO produced via eNOS. The baseline plasma 
concentration of L-arginine is about 25-fold higher than the Michaelis-Menten 
constant K(m) of the isolated, purified eNOS in vitro. Even in such a situation, 
supplementation with exogenous L-arginine can improve eNOS-mediated vascular 
functions in vivo (the so-called 'L-arginine paradox'). This may be because L
arginine counteracts asymmetrical dimethylarginine (ADMA), an endogenous in
hibitor of eNOS, regarding substract availability for eNOS IO). Since the plasma 
ADMA level increases in hypercholesterolemia, atherosclerosis, chronic renal fail
ure, and chronic heart failure, supplementation with L-arginine may improve the 
eNOS function in these situationsll ). 

Beta Blocker 

The beta blockers of the first (nonspecific), second (beta -1 selective) and third 
(vasodilating) generation are effective for the primary and secondary prevention of 
ischemic heart disease and heart failure. Their classic effects are mainly the 
reduction of the myocardial work resulting in reduced myocardial oxygen consump
tion. Recent large-scale clinical trials on the use of the second and third generation 
revealed that bisoprolo]l2), metoprolo]l3) and carvedilo]l4.15) reduced the mortality 
rate in heart failure cases in which an ischemic origin accounts for 50-60%12-14) to 
100% 15) of the subjects. Different effects of beta blockers may be in part explained 
by its anti-oxidant property as a non-class-effect. Such an anti-oxidant effect 
helps store the eNOS function resulting in improvement of coronary microcircula
tion, increase in coronary flow reserve and restoration of NO-mediated suppression 
of myocardial respirationI6). 

Angiotensin-Converting Enzyme Inhibitor and Angiotensin II Receptor Blocker 

Since angiotensin II is produced via both of ACE and chymase, the ACE in
hibitor does not necessarily reduce tissue angiotensin II levels but activates endothe
lial NOS via suppression of bradykinin degradation. Although bradykinin once 
produced causes tachyphylaxis resulting in the attenuation of vasodilatation, ACE 
inhibitor prevents such attenuation by activating the endothelium-derived hyper
polarizing factor (EDHF) as a back-up system of endothelium-derived relaxing 
factor (EDRF), that is, NOI7 ). On the other hand, ARB blocks the angiotensin II 
receptor-mediated signals including aldosterone production. Thus, aldosterone as 
well as angiotensin II is involved in the effects by ARB. 

The ACC/ AHA heart failure guidelinel8) directs the use of several kinds of 
therapeutic agents for stages A to D of common heart failure. In ischemic heart 
failure, the focus in this review, we have our own thoughts on its treatment. ACE 
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Fig. 3. Pharmaceutical therapies based on proposal for stages A to D of heart failure 
(ACC! AHA classification of staging, reference no. 18) due to coronary artery 
disease. ACE inhibitor can be used even in stage A. KA TP opener, beta 
blocker, long-acting Ca antagonist, statin, and NO precursor (L-arginine) may be 
used in stage A if applicable and necessary. 
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Fig. 4. Endothelial nitric oxide function assessed by in vitro myocardial oxygen 
consumption method (reproduced from reference no. 22 with permission). Coro· 
nary stenosis was created in rats. Coronary stenosis lasting for 12 weeks impair
ed functional activity of myocardial endothelial nitric oxide in risk area compar· 
ed to sham rats. Daily treatment with ACE inhibitor (quinapril), ARB (candesar· 
tan) or their combination, in presence of coronary stenosis, ameliorated functional 
activity of myocardial endothelial nitric oxide. 
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inhibitor can be used in ischemic heart disease at the first stage (stage A) (Fig. 3). 

The ACE inhibitor and ARB activate the myocardial NO function!) (Fig. 4) and 
improve the prognosis of heart failure I9•20 ). 

Aldosterone as well as angiotensin II is involved in the effects by ARB. On the 
other hand, Aldosterone is known to cause myocardial hypertrophy and fibrosis 
although the exact mechanisms remain to be determined. Spironolactone and 
ephrelenone can prevent such aldosterone-induced cardiotoxicity via the aldosterone 
receptor-mediated mechanisms. However, aldosterone also causes nongenomic 
vasoconstriction in tissue-resistant arteries via the angiotensin II type 1 receptor
mediated mechanism (but not via the aldosterone receptor), possibly resulting in 
impairment of tissue perfusion2i). Thus, the combination therapy of ACE inhibitor 
and ARB is sometimes performed in treating heart failure anticipating the effects of 
EDRF and of EDHF and in order to block the nongenomic effects of aldosterone. In 
fact, according to our study22), this combination therapy has been proved effective for 
alleviating cardiac dysfunction due to ischemic heart failure, although no additive 
effect on myocardial NO activity by the combination was obtained as shown in Fig. 

4. 

Calcium Antagonist 

The concept of the use of Ca antagonists in heart failure is that the long-acting 
agents, which are devoid of the secondary sympathetic stimulation, may contribute 
to lowering blood pressure (afterload reduction), an increase in diastolic compliance 
(improvement of diastolic function) and prevention of coronary vasospasm (improve· 
ment of myocardial perfusion). 

The effects of Ca antagonists on endothelial protection are not simple. An 
experimental study revealed that nifedipine, a dihyropyridine species, generates 
superoxide via activation of NADPH oxidase resulting in generation of EDHp3). 
In contrast, amlodipine, another dihydropyridine species, releases NO from the 
myocardium, although the exact mechanism(s) remain(s) to be determined. The Ca 
antagonist may be neutral in its effects on heart failure 24 ), whereas in coronary 
artery disease it may reduce adverse cardiovascular events25) (e.g., hospital admis
sions for angina, coronary revascularizations) with a trend towards reduced death, 
myocardial infarction and stroke26). 

A TP-SENSITIVE POTASSIUM CHANNEL OPENER 

Nicorandil is a KA TP opener which is clinically available currently. It opens 
sarcolemmal KATP, and its effect on mitochondrial KA TP is quite weak. There
fore, it is not known whether a KATP opener has a cardioprotective effect through 
the mechanism of ischemic preconditioning in which the mitochondrial KATP 
opening is involved. Instead, the outward K current by KA TP opening causes 
suppression of inward Ca current in association with a shortening of the action 
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potential duration, leading to relaxation of vascular smooth muscle. 
The above mentioned effects of nicorandil are impressed clearly in a situation 

of no reflow phenomenon in acute myocardial ischemia27l. In contrast, although its 
effects on chronic myocardial ischemia remained to be determined, the IONA 
study28) for the first time revealed that daily nicorandil treatment reduces cardiac 
events and improve prognosis in chronic ischemic heart failure. A part of the 
pharmaceutical effects by nicorandil appears to involve myocardial eNOS activa
tion29). 

Statin 

The statins activate eNOS, independent of the cholesterol lowering effect. 
There is a report that cardiac function in patients with dilated cardiomyopathy was 
improved by statin therapy, possibly via reduction of oxidative stresses derived from 
vascular endothelial NADPH-oxidase30). In the ischemic heart disease, stains are 
effective on the second prevention of cardiac events in chronic coronary artery 
disease3 !). 

NON PHARMACEUTICAL INTERVENTIONS 

Lifestyle 

The common accelerators of atherosclerosis, such as smoking, high blood 
pressure, hypercholesterolemia, hypertriglycemia, and diabetes mellitus, also cause 
eNOS dysfunction. There is no doubt that the restoration of a healthy lifestyle 
contributes to amelioration of such eNOS dysfunction. Among them, hypercholes
terolemia, as with the other accelerators, is known to have a relation to heart 
failure. The 4S study, a large-scale clinical trial on treatment of hypercholester
olemia, documented that lowering cholesterol suppresses the occurrence of conges
tive heart failure32). The reasons for this epidemiological evidence may be multiple, 
including the reduction of obesity and its metabolic syndrome, the pleiotropic effects 
of statins, and secondary suppression of developing coronary artery disease. Since 
hypercholesterolemia is an established coronary risk factor, it is commonly believed 
that hypercholesterolemia accelerates coronary artery plaque formation, and that 
cholesterol lowering contributes to an improvement in ischemic heart disease via 
regression/prevention of coronary stenotic/occlusive lesions. However, car
diologists sometimes have unexpected experiences in which findings of cardiac 
dysfunction mimic previous myocardial infarction, although there is no such clinical 
history and no coronary occlusion but only coronary stenotic lesions detected by 
coronary angiogram. The underlying mechanisms of such clinical phenomena have 
been vastly not known. 

We challenged the above mentioned clinical question in a basic study. Namely, 
in the presence of chronic coronary stenosis, the cholesterol burden aggravated heart 
failure without augmenting the coronary stenosis severity in rats33). Chronic 
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inflammation associated with eNOS dysfunction and MCP-l expression and resul
tant monocyte infiltration in coronary microcirculation of the risk area appeared to 
be involved in this morbidity. Thus, a high cholesterol diet induces adhesion of 
monocytes via chemokine expression in coronary microcirculation. If myocardial 
ischemia is present, chemotactic factors such as complements34) and inflammatory 
cytokines attract monocytes into the myocardium at risk, resulting in myocardial 
inflammation and injury. These experimental results suggest that a high choles
terol diet may be a risk factor for heart failure in the presence of fixed coronary 
artery stenosis in addition to being a risk factor for coronary artery disease. Our 
result, naming that supplementation of a cofactor of eNOS ameliorated a series of 
such morbidity33), suggests the inevitable role of the eNOS integrity in this situation. 

Physical Therapy 

Exercise is one of the nonpharmaceutical therapies for chronic heart failure35). 

In the classic viewpoint of concept on physical therapy, endurance exercise (e.g., 60-
min walking or swimming) is required to obtain optimal therapeutic effects. 
Recently, it was found that exercise activates eNOS via an increase in vascular 
shear stress. Since this shear-stress-induced focal adhesion kinase-protein kinase 
B (Akt) activation for eNOS activation is a rapid process36), it is postulated that even 
a short duration of exercise (short exercise) may activate eNOS. In addition, in 
ischemic heart failure, endurance exercise may increase the probability of unfavor-

high cholesterol diet 

----------- ----------lipid bur~ r OS dysfunction 
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coronary microcIrCUlatory disturbance 
coronary flow reduction 
coronary MCP-l expression 
myocardial inflammatory cell infiltration 

Fig. 5. Mechanisms involved in progression of coronary stenosis-induced heart fail
ure in association with high cholesterol diet. 
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able events based on ischemia such as angina attacks and arrhythmias. Actually, 
the beneficial effect of short exercise on eNOS function in peripheral circulation has 
recently been reported in human37). 

We assessed whether short exercise is able to ameliorate heart failure due to 
coronary artery disease through myocardial eNOS activation. In a rat model of 
coronary stenosis16.22.33>, we performed daily short or longer exercises on a treadmill 
machine38>. As a result, longer exercise caused myocardial ischemia and resultant 
stunning (shown by a fall in the ventricular wall-thickening fraction during exercise 
which is assessed by the sonomicrometric method), which failed to ameliorate 
myocardial endothelial NO function, and aggravated cardiac dysfunction and 
remodeling due to coronary stenosis. In contrast, short exercise which is completed 
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Fig. 6. Effect of exercises on ischemic left ventricular dysfunction and remodeling 
assessed by serial echocardiography (reproduced from reference no. 38 with 
permission). In rats with coronary stenosis (CS, left panels) or with myocardial 
infarction (MI. right panels), daily short (5 min) or longer (15 min) treadmill 
exercise was performed for 12 weeks after creation of coronary stenosis or 
infarction. Both exercises did not affect left ventricular dysfunction and remode· 
ling induced by myocardial infarction (right panels). In contrast, longer exercise 
augmented and short exercise ameliorated heart failure induced by coronary 
stenosis (left panels). Sonomicrometric analysis of wall thickening fraction of 
ischemic area during exercise (data not shown; see reference no. 38) revealed 
occurrence of myocardial stunning not by short exercise but by longer exercise. 
LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end
systolic diameter. 
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before induction of myocardial stunning ameliorated myocardial endothelial NO 
function and perfusion without modifying the coronary stenosis severity but possibly 
via an increase in the coronary vascular shear stress. Finally, the short exercise 
prevented myocardial fibrosis in the risk area and attenuated global cardiac dysfunc· 
tion and remodeling (Fig. 6). However, even short exercise was ineffective for the 
amelioration of heart failure due to myocardial infarction which has no viability in 
the risk area38). These results imply that eNOS activation with exercise amelio· 
rates ischemic heart failure by protecting ischemic but viable myocardium in the risk 
area from ongoing cell death and fibrosis. Thus, the exercise protocols need to be 
customized according to the disease state (ischemic or infarcted) to obtain optimal 
therapeutic effects, and that the main target for the protection of ischemic but viable 
myocardium is eNOS activation through short exercise. 

Mechanical Interventions 

Cardiac resynchronization therapy is a newly-introduced electrical support for 
inefficient cardiac contraction due to ventricular asynchrony in moderate to severe 
heart failure. In the improvement of LV systolic dysfunction by this therapy, NO 
production may be partly involved. In patients with dilated cardiomyopathy and 
with the indication of cardiac resynchronization therapy, the end-tidal NO concen
tration in the inhaled air increased in accordance with an increase in LV ejection 
fraction after this therapy39). Although it remains to be determined whether NO 
production by this therapy derives from eNOS activation, the authors assumed that 
restoration of asynchrony increased cardiac output so that eNOS may have been 
activated, and, as a result, contributing to the further amelioration of heart failure. 

The left ventricular assist device has been used as a bridge to cardiac transplan
tation in patients with the most severe heart failure. The mechanical assistance of 
the pump function causes a variety of changes (upregulation or downregulation) in 
cardiac gene expressions. Several of the upregulated genes were rel~ted to NOS, 
especially eNOS and dimethyl arginine dimethylaminohydrolase isoform 1, an 
enzyme which hydrolyzes ADMN°). Since ADMA is an inhibitor of NOS, it is 
expected that upregulation of dimethylarginine dimethylaminohydrolase isoform 1 
can cause eNOS activation. 

Acute Ischemic Events in Chronic Heart Failure 

One of the reasons for poor prognosis in patients with chronic ischemic heart 
failure is the overlapping new ischemic attacks based on severe coronary artery 
disease. Sometimes the cardiac damage by new acute ischemic events upon chronic 
cardiac dysfunction is life-threatening. The so-called 'ischemic preconditioning' 
effect may lower cardiac damage if brief ischemic insults precede the acute myocar
dial infarction attack41 ). However, clinical application of the ischemic precondition
ing at the time following the onset of acute infarction is difficult. In addition, 
downregulation of protein kinase C occurs in chronic ischemia resulting in a reduc· 
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Fig. 7. Signals involved in myocardial injury and protection upon acute myocardial 
infarction. 

tion of this cardioprotective mechanism42). More recently, it was found that several 
cycles of brief coronary occlusion-reperfusion, added just after successful coronary 
reperfusion therapy, elicited cardioprotection comparable with ischemic precon
ditioning. This phenomenon has been termed 'postconditioning43) in contrast to 
preconditioning. This new intervention is quite attractive since it is applicable in 
the cath lab. The signals involved in cardiomyocyte death by acute ischemia 
(necrosis and apoptosis) are shown in Fig. 7. 

Ischemic preconditioning exerts its acute (first window) cardioprotective effect 
via protein kinase C, mitochondrial KATP channel and eNOS. Coronary reper
fusion itself causes activation of the 'RISK' pathway44) constituted of several kinases 
and also upregulation of anti-apoptotic proteins such as BCL-2. In addition, if 
postconditioning is performed just after reperfusion, phosphatidylinositol-3 kinase, 
Akt, and eNOS are activated to protect the ischemic myocardium (Fig. 7)45). Thus, 
since eNOS is one of the downstream mechanisms of several cardioprotective 
signals including those of postconditioning, in the presence of eNOS dysfunction, the 
welcome cardioprotective effect by interventions may be diminished. In this 
meaning, it is highly probable that restoration of eNOS dysfunction in chronic 
ischemic heart failure is requisite for preventing further worsening of cardiac 
dysfunction and prognosis. 
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FUTURE DIRECTIONS 

The conventional and newly-introduced medical and mechanical interventions 
mentioned above will continue to improve treatment of ischemic heart failure. In 
addition to these therapies widely applicable for ischemic heart failure, specialized 
therapies for patients refractory to such treatment and coronary interventions also 
need to be developed. Cardiac regeneration therapy may well be one of them. The 
current technology for human cardiac regeneration is serving to develop an
giogenetic therapies, and may advance to the next stage for cardiomyocyte regenera
tion. Regarding present angiogenic therapy, it is unclear whether regenerated small 
vessels possess the functions of normal native vessels such as endothelial vasodila
tion. If not, eNOS expression and activation will be an inevitable direction for 
research in this field. 

CONCLUSIONS 

When coronary intervention is not indicated due to the many reasons previously 
mentioned in patients with ischemic heart failure, medical treatments are expected 
to offer cardioprotection against the persistence of stenotic/occlusive lesions of the 
epicardial coronary artery. A majority of such anti-ischemic heart failure pharma
ceuticals and non-pharmaceutical therapies are now found to improve myocardial 
endothelial NO function in relation to eNOS activation. Such eNOS activation 
seems to contribute to amelioration of the cardiac dysfunction and remodeling 
induced by myocardial ischemia. Therefore, based on clinical evidence and basic 
research on clinical demand to seek for its mechanistic insights, we postulate a 
concept of 'myocardial endothelial NO activator' beyond the class-effects of each 
pharmaceutical category and each non-pharmaceutical intervention. In addition to 
continuous eNOS activation for treating chronic ischemic heart failure, rapid eNOS 
activation in the setting of acute ischemic events upon chronic myocardial ischemia 
by new strategies will be required to develop further effective anti-heart-failure 
therapies. 

REFERENCES 

1. Jones SP, Greer n. van Haperen R. Duncker DJ. de Crom R. Lefer D]. Endothelial nitric 
oxide synthase overexpression attenuates congestive heart failure in mice. Proc Natl 
Acad Sci USA. 100(8): 4891-6. 2003. 

2. Kuhlencordt PJ. Gyurko R. Han F. Scherrer-Crosbie M. Aretz TH. Hajjar R. Picard MH. 
Huang PL. Accelerated atherosclerosis. aortic aneurysm formation. and ischemic heart 
disease in apolipoprotein E/endothelial nitric oxide synthase double-knockout mice. 
Circulation. 104(4): 448-54. 2001. 

3. Akazawa H. Komazaki S. Shimomura H. Terasaki F. Zou Y. Takano H. Nagai T. 



64 H. Y AOIT A et at. 

Komuro 1. Diphtheria toxin-induced autophagic cardiomyocyte death plays a path
ogenic role in mouse model of heart failure. J Bioi Chem, 279(39) : 41095-103, 2004. 

4. Yaoita H, Ogawa K, Maehara K, Maruyama Y. Apoptosis in relevant clinical situa
tions: contribution of apoptosis in myocardial infarction. Cardiovasc Res, 45(3) : 630-
41, 2000. 

5. Yaoita H, Ogawa K, Maehara K, Maruyama Y. Attenuation of ischemia/reperfusion 
injury in rats by a caspase inhibitor. Circulation, 97(3): 276-81, 1998. 

6. Macanu MM, Baxter GF, Yell on DM. Caspase inhibition and limitation of myocardial 
infarct size: protection against lethal reperfusion injury. Br J Pharmacol, 130(2): 197-
200, 2000. 

7. Argaud L, Gateau-Roesch 0, Muntean D, Chalabreysse L, Loufouat J, Robert D, Ovize 
M. Specific inhibition of the mitochondrial permeability transition prevents lethal 
reperfusion injury. J Mol Cell Cardio!, 38(2): 367-74, 2005. 

8. Hausenloy D, Wynne A, Duchen M, Yellon D. Transient mitochondrial permeability 
trnsition pore opening mediates preconditioning-induced protection. Circulation, 
109(14): 1714-7, 2004. 

9. Boveris A, D'Amico G, Lores-Arnaiz S, Costa LE. Enalapril increases mitochondrial 
nitric oxide synthase activity in heart and liver. Antioxid Redox Signal, 5(6): 691-7, 
2003. 

10. Herbaczynska-Cedro K. Positive and negative outcomes of L-arginine therapy in 
cardiovascular diseases. J Physiol Pharmacol, 50(4): 653-60, 1999. 

11. Hambrecht R, Hilbrich L, Erbs S, Gielen S, Fiehn E, Schoene N, Schuler G. Correction of 
endothelial dysfunction in chronic heart failure: additional effects of exercise training 
and oral L-arginine supplementation. J Am Coli Cardiol, 35(3): 706-13, 2000. 

12. Simon T, Mary-Krause M, Funck-Brentano C, Lechat P, Jaillon P. Bisoprolol dose
response relationship in patients with congestive heart failure: a subgroup analysis in 
the cardiac insufficiency bisoprolol study (CIBIS II). Eur Heart J, 24(6): 552-6, 2003. 

13. Wikstrand J, Hjalmarson A, Waagstein F, Fagerberg B, Goldstein S, Kjekshus J, Wedel 
H ; MERIT -HF Study Group. Dose of metoprolol CR/XL and clinical outcomes in 
patients with heart failure: analysis of the experience in metoprolol CR/XL randomized 
intervention trial in chronic heart failure (MERIT -HF). J Am Coli Cardio!, 40(3): 491-
8, 2002. 

14. Poole-Wilson PA, Swedberg K, Cleland JG, Di Lenarda A, Hanrath P, Komajda M, 
Lubsen J, Lutiger B, Metra M, Remme WJ, Torp-Pedersen C, Scherhag A, Slene A; 
Carvedilol Or Metoprolol European Trial Investigators. Comparison of carvedilol and 
metoprolol on clinical outcomes in patients with chronic heart failure in the Carvedilol 
Or Metoprolol European Trial (COMET): randomised controlled trial. Lancet, 
362(9377): 7-13, 2003. 

15. Australia-New Zealand Heart Failure Reseaech Collaborative Group. Effects of car
vedilol, a vasodilator-beta-blocker, in patients with congestive heart failure due to 
ischemic heart disease. Australia-New Zealand Heart Failure Research Collaborative 
Group. Circulation, 92(2): 212-8, 1995. 

16. Yaoita H, Sakabe A, Maehara K, Maruyama Y. Different effects of carvedilol, meto
prolol, and propranolol on left ventricular remodeling after coronary stenosis or after 
permanent coronary occlusion in rats. Circulation, 105(8): 975-80, 2002. 

17. Popp R, Fleming I, Busse R. Pulsatile stretch in coronary arteries elicits release of 
endothelium-derived hyperpolarizing factor: a modulator of arterial compliance. Circ 
Res, 82(6): 696-703, 1998. 

18. Hunt SA, Baker DW, Chin MH, Cinquegrani MP, Feldman AM, Francis GS, Ganiats TG, 
Goldstein S, Gregoratos G, Jessup ML, Noble RJ, Packer M, Silver MA, Stevenson LW, 
Gibbons RJ, Antman EM, Alpert JS, Faxon DP, Fuster V, Gregoratos G, Jacobs AK, 
Hiratzka LF, Russell RO, Smith SC Jr; American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines (Committee to Revise the 1995 



NITRIC OXIDE ACTIVATORS IN FAILING HEART 65 

Guidelines for the Evaluation and Management of Heart Failure); International Society 
for Heart and Lung Transplantation; Heart Failure Society of America. ACC/ AHA 
Guidelines for the Evaluation and Management of Chronic Heart Failure in the Adult: 
Executive Summary A Report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines (Committee to Revise the 1995 Guidelines 
for the Evaluation and Management of Heart Failure): Developed in Collaboration With 
the International Society for Heart and Lung Transplantation; Endorsed by the Heart 
Failure Society of America. Circulation, 104(24): 2996-3007, 2001. 

19. Young JB, Dunlap ME, Pfeffer MA, Probstfield JL, Cohen-Solal A, Dietz R, Granger CB, 
Hradec J, Kuch J, McKelvie RS, McMurray JJ, Michelson EL, Olofsson B, Ostergren 1. 
Held P, Solomon SD, Yusuf S, Swedberg K; Candesartan in Heart failure Assessment of 
Reduction in Mortality and morbidity (CHARM) Investigators and Committees. Mor
tality and morbidity reduction with Candesartan in patients with chronic heart failure 
and left ventricular systolic dysfunction: results of the CHARM low-left ventricular 
ejection fraction trials. Circulation, 110(17): 2618-26, 2004. 

20. Konstam MA, Kronenberg MW, Rousseau MF, Udelson JE, Melin J, Stewart D, Dolan N, 
Edens TR. Ahn S, Kinan D. Effects of the angiotensin converting enzyme inhibitor 
enarapril on the long-term progression of left ventricular dilatation in patients with 
asymptomatic systolic dysfunction. SOL VD (Studies of Left Ventricular Dysfunction) 
Investigators. Circulation, 88(5 Pt 1): 2277-83, 1993. 

21. Schmidt BM, Oehmer S, Delles C, Bratke R. Schneider MP, Klingbeil A, Fleischmann 
EH, Schmieder RE. Rapid nongenomic effects of aldosterone on human forearm vas
culature. Hypertension, 42(2): 156-60, 2003. 

22. Sato H, Yaoita H, Maehara Y, Maruyama Y. Attenuation of heart failure due to 
coronary stenosis by ACE inhibitor and angiotensin receptor blocker. Am J Physiol 
Heart Circ Physiol, 285(1): H359-68, 2003. 

23. Fisslthaler B, Hinsch N, Chataigneau T, Popp R. Kiss L, Busse R. Fleming I. Nifedipine 
increases cytochrome P4502C expression and endothelium-derived hyperpolarizing fac
tor-mediated responses in coronary arteries. Hypertension, 36(2): 270-5, 2000. 

24. O'Connor CM, Carson PE, Miller AB, Pressler ML, Belkin RN, Neuberg GW, Frid DJ, 
Cropp AB, Anderson S, Wertheimer JH, DeMets DL. Effect of amlodipine on mode of 
death among patients with advanced heart failure in the PRAISE trial. Prospective 
Randomized Amlodipine Survival Evaluation. Am J Cardiol. 82(7): 881-7, 1998. 

25. Nissen SE, Tuzcu EM, Libby P, Thompson PD, Ghali M, Garza D, Berman L, Shi H, 
Buebendorf E, Topol EJ ; CAMELOT Investigators. Effect of antihypertensive agents 
on cardiovascular events in patients with coronary disease and normal blood pressure: 
the CAMELOT study: a randomized controlled trial. JAMA, 292(18): 2217-25, 2004. 

26. Japanese beta-Blockers and Calcium Antagonists Myocardial Infarction (JBCMI) Inves
tigators. Comparison of the effects of beta blockers and calcium antagonists on car
diovascular events after acute myocardial infarction in Japanese subjects. Am J 
Cardiol. 93(8): 969-73, 2004. 

27. Lim SY, Bae EH, Jeong MH, Kang DG, Lee YS, Kim KH, Lee SH, Yoon KH, Hong SN, 
Park HW, Hong Y1. Kim JH, Kim W, Ahn YK, Cho JG, Park ]C, Kang]C. Effect of 
combined intracoronary adenosine and nicorandil on no-reflow phenomenon during 
percutaneous coronary intervention. Circ J, 68(10): 928-32, 2005. 

28. IONA Study group. Effect of nicorandil on coronary events in patients with stable 
angina: the Impact Of Nicorandil in Angina (lONA) randomised trial. Lancet, 
359(9314): 1269-75, 2002. 

29. Horinaka S, Kobayashi N, Higashi T, Hara K, Hara S, Matsuoka H. Nicorandil 
enhances cardiac endothelial nitric oxide synthase expression via activation of adenosine 
triphosphate-sensitive K channel in rat. J Cardiovasc Pharmacol, 38(2): 200-10, 2001. 

30. Node K, Fujita M, Hori M, Liao JK. Short-term statin therapy improves cardiac 
function and symptoms in patients with idiopathic dilated cardiomyopathy. Circulation, 



66 H. Y AOIT A et at. 

108(7): 839-43, 2003. 
31. LaRosa JC, Grundy SM, Waters DD, Shear C, Barter P, Fruchart JC, Gotto AM, Greten 

H, Kastelein n, Shepherd J, Wenger NK; Treating to New Targets (TNT) Investiga
tors. Intensive lipid lowering with atorvastatin in patients with stable coronary disease. 
N Engl J Med, 352(14): 1425-35, 2005. 

32. Scandinavian Simvastatin Survival Study Group. Randomised trial of cholesterol 
lowering in 4,444 patients with coronary heart disease: the Scandinavian Simvastatin 
Survival Study (4S). Lancet, 344: 1383-89, 1994. 

33. Yaoita H, Yoshinari K, Maehara K, Sando M, Watanabe K, Maruyama K. Different 
effects of high cholesterol diet on ischemic cardiac dysfunction and remodeling induced 
by coronary stenosis and by coronary occlusion. J Am Coli Cardiol, 45: 2078-87, 2005. 

34. Atsuumi T, Yaoita H, Shichishima T, Maehara K, Fujita T, Maruyama Y. Complement 
and polymorphonuclear leukocyte activation each playa role in determining myocardial 
ischemia-reperfusion injury. Jpn Circ J, 65(7): 659-66, 2001. 

35. Hambrecht R, Fiehn E, Weigl C, Gielen S, Hamann C, Kaiser R, Yu J, Adams V, 
Niebauer J, Schuler G. Regular physical exercise corrects endothelial dysfunction and 
improves exercise capacity in patients with chronic heart failure. Circulation, 98(24) : 
2709-15, 1998. 

36. Shyy JY, Chien S. Role of integrins in endothelial mechanosensing of shear stress. Circ 
Res, 91(9): 769-75, 2002. 

37. Green DJ, Maiorana A, O'Driscoll G, Taylor R. Effect of exercise training on endothe
lium-derived nitric oxide function in humans. J Physiol, 561(Pt 1): 1-25, 2004. 

38. Yoshinari K. Yaoita H, Maehara K, Maruyama Y. Different therapeutic responses to 
treadmill exercise of heart failure due to ischemia and infarction in rats. Cardiovasc 
Res, 65(2): 457-68, 2005. 

39. Hirasuji T, Adachi H, Isobe N, Tada H, Toyama T, Naito S, Hoshizaki H, Oshima S, 
Taniguchi K. Does cardiac resynchronization therapy improve nitric oxide concentra
tion in exhaled gas? J Cardiol, 43(1): 11-5, 2004. 

40. Chen Y, Park S, Li Y, Missov E, Hou M, Han X, Hall JL, Miller LW, Bache RJ. 
Alterations of gene expression in failing myocardium following left ventricular assist 
device support. Physiol Genomics, 14(3): 251-60, 2003. 

41. Yellon DM, Downey JM. Preconditioning the myocardium: from cellular physiology to 
clinical cardiology. Physiol Rev, 83(4): 1113-51, 2003. 

42. Yaoita H, Watanabe K. Ogawa K, Maruyama Y. Carvedilol restores attenuation of 
cardioprotection by ischemic preconditioning in the chronic ischemic heart. Circulation, 
110(17): III -107, 2004. 

43. Zhao ZQ, Corvera JS, Halkos ME, Kerendi F, Wang NP, Guyton RA, Vinten-Johansen 
J. Inhibition of myocardial injury by ischemic postconditioning during reperfusion: 
comparison with ischemic preconditioning. Am J Physiol Heart Circ Physiol, 285(2) : 
H579-88, 2003. 

44. Hausenloy DJ, Mocanu MM, Yell on DM. Cross-talk between the survival kinases 
during early reperfusion: its contribution to ischemic preconditioning. Cardiovasc Res, 
63(2): 305-12, 2004. 

45. Tsang A, Hausenloy DJ, Mocanu MM, Yell on DM. Postconditioning: a form of 
"modified reperfusion" protects the myocardium by activating the phosphatidylinositol 
3-kinase-Akt pathway. Circ Res, 95(3): 230-2, 2004. 


	NONINVASIVE MYOCARDIAL ENDOTHELIAL INTERVENTION IN THE PERSISTENCE OF CORONARY STENOSIS: A CONCEPT OF MYOCARDIAL ENDOTHELIAL NITRIC OXIDE ACTIVATOR THROUGH HEART FAILURE RESEARCH ON CLINICAL DEMAND
	Abstract
	Key words
	INTRODUCTION
	CASCADES OF CARDIOMYOCYTE DEATH
	TARGETS OF ANTI-HEART-FAILURE AGENTS
	PHARMACEUTICAL INTERVENTIONS
	Nitric Oxide Precursor
	Beta Blocker
	Angiotensin-Converting Enzyme Inhibitor and Angiotensin II Receptor Blocker
	Calcium Antagonist

	ATP-SENSITIVE POTASSIUM CHANNEL OPENER
	Statin

	NONPHARMACEUTICAL INTERVENTIONS
	Lifestyle
	Physical Therapy
	Mechanical Interventions
	Acute Ischemic Events in Chronic Heart Failure

	FUTURE DIRECTIONS
	CONCLUSIONS
	REFERENCES


