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MODULATORY ROLE OF NITRIC OXIDE IN CARDIAC PERFORMANCE

MODULATORNA ULOGA AZOT-OKSIDA NA SRCANE PERFORMANCE
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Summary

Nitric oxide is produced by almost all cardiac cells, endothelial
cells, cardiomyocytes and nerve fibers. It is synthesized by an en-
zyme, a nitric oxide synthase, which occurs in endothelial, neural
and inducible form. The distribution of nitric oxide synthase in
the heart is characterized by a pronounced non-uniformity. Nitric
oxide exerts its effects in physiological and pathophysiological
conditions. The physiological effects of low concentrations of ni-
tric oxide, which is released in the normal conditions under the
influence of constituent enzymes, occur via cyclic guanosine
monophosphate. The synthesized nitric oxide exhibits its effect in
the cells where it is produced, in an autocrine manner, or by dif-
fusing into the neighboring cells, in a paracrine manner. Nitric
oxide acts by regulating the coronary vessel tonus, affecting the
contractility of cardiomyocytes, generating an inotropic effect in
a dose-dependent manner and controlling the cellular respiration.
Other effects of nitric oxide in the cardiovascular system include
the hyperpolarization of the smooth muscle cells in blood vessels,
the inhibition of the monocyte adhesion, the inhibition of platelet
migration, adhesion and aggregation and the proliferation of
smooth muscle cells and fibroblasts. The anti-atherosclerotic ef-
fects of nitric oxide are based on these effects. Nitric oxide is a
weak free radical in gaseous state, and the cytotoxic and/or the
cytoprotective effects of the higher concentrations of nitric oxide
are related to the chemical structure of nitric oxide as a free radi-
cal. The excessive production of nitric oxide by the activation of
inducible nitric oxide synthase can lead to major irregularities in
the function of cardiomyocytes and cardiac insufficiency. Under-
standing the nitric oxide molecular mechanisms of signaling path-
ways in the heart can provide a new strategic approach to preven-
tion and treatment of cardiovascular diseases.
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Introduction

Nitric oxide (NO) is an endogenous mediator
with vasorelaxation properties and was originally
named endothelium - derived relaxing factor
(EDRF) [1]. The ensuing studies have shown that
nitric oxide is an important physiological mediator
and potent modulator of many biological functions.
Today it is well known that NO is one of the key

Sazetak

Azot-oksid proizvode gotovo sve ¢elije srca, endotelne Celije,
kardiomiociti i nervna vlakna. SintetiSe ga enzim, sintaza
azot-oksida koja se javlja u endotelnoj, neuralnoj i inducibil-
noj formi. Distribuciju sintaza azot-oksida u srcu karakterise
izrazena neuniformnost. Azot-oksid ima efekte u fizioloskim
i patofiziolo$kim stanjima. Fizioloski efekti niskih koncentra-
cija azot-oksida koji se oslobada u normalnim uslovima pod
dejstvom konstitutivnih enzima odvijaju se preko ciklicnog
guanozin-monofosfata. Sintetisan azot-oksid ostvaruje svoj
efekat u ¢elijama u kojima je proizveden, autokrino, ili difun-
dujuéi u susedne celije, parakrino. Azot-oksid deluje putem
regulacije tonusa koronarnih krvnih sudova, uti¢e na kontrak-
tilnost kardiomiocita, na dozno-zavisan nacin ostvaruje ino-
tropni efekat i kontroliSe celijsku respiraciju. Drugi efekti
azot-oksida u kardiovaskularnom sistemu su da dovodi do hi-
perpolarizacije ¢elija glatke muskulature krvnih sudova, inhi-
bira adheziju monocita, inhibira migraciju, adheziju i agrega-
ciju trombocita i proliferaciju ¢elija glatke muskulature i fi-
broblasta. Na ovim efektima se zasniva antiaterosklerotsko
dejstvo azot-oksida. Azot-oksid je slab slobodni radikal u ga-
sovitom stanju a citotoksi¢na i/ili citoprotektivna dejstva vi-
$ih koncentracija, u vezi su sa hemijskom strukturom azot-
oksida kao slobodnog radikala. Prekomerna proizvodnja azot-
oksida aktivacijom inducibilne sintaze azot-oksida moze do-
vesti do velikih poremecaja funkcije kardiomiocita i sréane
insuficijencije. Razumevanje molekularnih mehanizma azot-
oksida u signalnim putevima u srcu moze da obezbedi novi
strategijski pristup u prevenciji i terapiji bolesti kardiovasku-
larnog sistema.

Kljuéne redi: Azot oksid; Azot oksid sintaza; Kardiovasku-
larna oboljenja; Slobodni radikali; Kardiomiociti; Koronarni
krvni sudovi; Celijsko disanje

signaling molecules in cardiovascular and nervous
system and that it plays a significant role in body’s
defense mechanism. NO has a prominent signaling
function in macrophages, neurons, endocrine cells,
skeletal muscle fibers and numerous other cell
types. The most recent studies of cardiomyocytes
have identified the function of NO in the regulation
of cardiac growth and remodeling, contractile per-
formance, rhythmicity and metabolic rates.
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Abbreviations
NO — nitric oxide
EDRF - endothelium-derived relaxing factor
NOS — nitric oxide synthase
eNOS  — endothelial nitric oxide synthase
iNOS  —inducible nitric oxide synthase
nNOS  — neuronal nitric oxide synthase
MVE  —microvascular endothelial

TGF — transforming growth factor
TNF-o — tumor necrosis factor

¢GMP  — cyclic guanosine monophosphate
ANG  —angiotensin

EE — endocardial endothelium

ET-1 — endothelin-1

PGI,  —prostaglandin I,

Nitric oxide is a small non-polar molecule with
one unpaired electron which makes it a weak free-
radical [2]. It is a mediator acting as though it has
opposite biological effects. The complexity of NO
activity is manifested through the diversity of
chemical reactions in which it participates and the
characteristics of the tissue in which it operates.
The level of synthesized NO is the key that deter-
mines the biological outcome of precise cellular re-
sponses to its various concentrations. In general,
lower concentrations of NO promote the cell sur-
vival and proliferation, while higher levels favor the
degradation of the cell, apoptosis and/or senescence.
Interactions with free radicals affect the NO signal-
ing pathways and reduce its bioavailability.

There are a number of regulatory mechanisms
mediated by NO both under the physiological con-
ditions in the healthy and pathological heart. The
NO effect on the intracellular milieu and cell
function is determined by its concentration, the
time factor and by the kinetic determinants. Syn-
thesis, diffusion and consumption rates, interac-
tion with target tissues, free radicals and oxygen
concentration contribute to the cellular and tissue-
specific response to NO.

Biosynthesis of Nitric Oxide and its Control

NO can be synthesized from L-arginine using
three different nitric oxide synthase (NOS) isofor-
ms, two of which are constitutive, endothelial
(eNOS, NOSIII) and neuronal (nNOS, NOSI) iso-
forms, manifested under physiological conditions,
while the third isoform, inducible nitric oxide syn-
thase (iNOS, NOSII), is biosynthesised only after
the stimulation by a variety of stressors and cy-
tokines [3]. Constitutive enzymes generate a small
amount of NO, while the activity of iNOS is ap-
proximately one thousand times higher [2]. En-
dothelial NOS is associated with the caveolin in
caveolae, specialized microstructures of the plas-
ma membrane (Figure 1). The interaction be-
tween eNOS and caveolin is reversible and the re-
lease of eNOS from caveolin activates the en-
zyme. Neuronal and inducible NOS are more
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Figure 1. Biosynthesis of nitric oxide. Opposing roles
for eNOS and nNOS in regulating heart contraction
Slika 1. Biosinteza azot-oksida. Suprotne uloge endo-
telijalne i neuronske sintaze azot-oksida u regulaciji
srcane kontraktilnosti

commonly found in their soluble form than the
membrane-bound one. Constitutive enzymes are
activated by Ca*'-calmodulin and the control is
carried out through the endothelium-dependent
agonists, acetylcholine, bradykinin and substance
P, which increase the concentration of intracellu-
lar calcium, thus increasing the Ca?*-calmodulin.
In contrast, iNOS is independent from Ca?". As
iNOS has a Ca?"-calmodulin binding domain, a
high affinity of this ligand-binding domain means
that iNOS is activated even at low calcium levels,
which are present under basal conditions [2, 4].

The Distribution of NO Synthase in the
Heart is Characterized by the Pronounced
Non-uniformity

Endothelial NOS is mainly present in the coro-
nary vascular and endocardial endothelium and to
a lesser extent in cardiomyocytes. Neuronal NOS
is present only in the subpopulation of intracardi-
ac ganglia and nerve fibers in the atrial tissue, as
well as in some of the perivascular nerve fibers of
the ventricular myocardium. The manifestation of
nNOS in cardiomyocytes and its physiological
role are still being researched. A healthy heart
does not usually exhibit iNOS under physiological
conditions [5].

Despite the fact that eNOS is distributed in all
cardiac endothelial cells, there is a significant dis-
parity of eNOS activity between the endocardial
endothelial, arterial, venous, and endothelial cells
of myocardial capillaries with an exceptionally in-
tense activity in the endocardial endothelial (EE)
cells and endothelial cells of coronary arteries. EE
cells have a more distinct Golgi complex than oth-
er endothelial cells in blood vessels of the heart.
The size of the Golgi complex is most likely a
marker of the eNOS synthetic activity; thus, these
data indicate that the endothelial cells of the coro-
nary arteries and EE cells have a higher synthetic



Med Pregl 2014; LXVII (9-10): 345-352. Novi Sad: septembar-oktobar. 347

activity than microvascular endothelial (MVE)
and venous endothelial cells. Immunohistochemi-
cal stainings of caveolin-1 have shown that the pe-
ripheral boundaries of EE cells are almost com-
pletely devoid of caveolin features. This indicates
that the enzymatically active eNOS in EE cells,
contrary to cardiomyocytes, can be connected to
membrane components other than calveolin or to
the cytoskeletal parts.

Immunohistochemical staining of the complete
myocardial tissue has shown weak cytoplasmic ac-
tivity of eNOS in MVE cells with a poorly devel-
oped Golgi complex. However, the staining of ca-
veolin-1 is more pronounced in MVE than in EE or
arterial endothelium. The increased levels of caveo-
lin 1 in MVE has a cardioprotective effect in
ischemia/reperfusion-induced damage, probably
due to the increased endothelial NO release [5].

The reasons for the differences in eNOS distri-
bution are still unknown. Experiments in the cul-
tured endothelial cells showed that eNOS activity
could be modified by a number of modulators, in-
cluding the friction force, transforming growth fac-
tor (TGF-P), protein kinase C, tumor necrosis fac-
tor TNF-a, oxygen and proliferation. The differ-
ences in friction forces in the heart can explain the
difference of the eNOS activity in the arterial, cap-
illary and venous endothelial cells and the EE cells
since different friction forces affect the endotheli-
um. Friction forces in the laminar blood flow are not
strong along the surface of the EE cells [6]. Howev-
er, the EE cells exhibit eNOS activity almost as
strong as that of the arterial endothelial cells. Endo-
cardial endothelium may be exposed to the turbulent
blood flow, but this type of flow does not increase
eNOS activity or NO release. eNOS activity may be
affected by the mechanical strain of the endocar-
dium due to the three-dimensional changes of the
inner wall during the cardiac cycle. Endothelial cells
cultured on flexible substrates, which had been sub-
jected to a cyclic tensile strain, displayed an en-
hanced production of NO. Some parts of the endo-
cardium are subject to specific differences in the
mechanical deformation during the cardiac cycle,
such as tendon endings of ventricular papillary mus-
cle and the atrioventricular valves. EE cells covering
these elastic structures are smaller, and have a cy-
toskeletal organization which differs from the organ-
izations of other endocardial fields, but they have not
shown any consistent differences in eNOS charac-
teristics or the size of the Golgi complex [6].

Endothelial NOS in cardiomyocytes is associ-
ated with caveolin-3, a muscle-specific isoform in
caveolae protein layers [7-9]. However, the major
physiological source of NO in a normal, adult, and
unstrained cardiac tissue is most likely eNOS
originating from EE and MVE cells, while NO
originating from cardiomyocytes is probably neg-
ligible if they are not activated. Cardiomyocytes
do not release NO in direct response to bradykinin
or a, receptor agonists [10], which further indi-

cates that NO originating from the cardiomyo-
cytes is actually negligible in its basal, unstrained
physiological condition. In contrast, the exposure
of cardiomyocytes to B-adrenergic agonists in-
creases the production of endogenous NO almost
five times, indicating the regulation of eNOS in
cardiomyocytes via B-adrenergic stimulation [11].
In a similar manner, cyclic guanosine monophos-
phate (cGMP), as a measure of NO activities, is
almost 10 times increased in cardiomyocytes after
the stimulation either by bradykinin, in contrast to
previous studies [10], or by acetylcholine [12]. My-
ocardial stretching may participate in the activa-
tion of eNOS [13].

Accordingly, there is a significant non-uni-
formity in the distribution of eNOS in the cardiac
endothelium, followed by a more intensive activi-
ty in EE and the endothelial cells of coronary ar-
teries than in MVE and coronary venous endothe-
lium. eNOS activity is only partially manifested
in normal cardiomyocytes under the basal condi-
tions and it can be affected by a number of media-
tors. Therefore, despite its role in many heart dis-
eases, NO originating from cardiomyocytes is
very likely to have an insignificant role in control-
ling the overall structure and function of the nor-
mal adult heart under unstrained physiological
conditions. NO plays a role in the modulation of
cardiac function in response to a specific stimu-
lus, or in a state of myocardial stress, the release
of parasympathetic and adrenergic neurotransmit-
ters, muscle stretching, and the like.

Effects of NO on Cardiac Contractility

There is an enormous difference between the fre-
quently conflicting effects of NO on myocardial
contractility, depending on the animal species and
experimental conditions, but most importantly on
the experimental hierarchical level of research, no
matter whether the individually isolated cardiomyo-
cytes, multicellular preparations or in vivo intact
heart are studied. Individual cardiomyocytes were
extensively studied during the last 30 years. Despite
the theoretical advantages of this experimental mod-
el, such as in the application of sophisticated molec-
ular techniques for determining the specific signal
molecules in cardiomyocytes, many uncontrolled ar-
tifacts induced by experimental isolating procedures
can provide a distorted image of reality. This shows
the limitations of such an approach in cardiac re-
search, not only because of the isolation of cardio-
myocytes from the inherent endothelial cells, but
also of the neighboring cardiomyocytes [14, 15].

The positive inotropic response to NO on iso-
lated cardiomyocytes has been obtained in several
studies [16, 17]; however, there are also data on
NO causing a negative inotropic effect but at high-
er concentrations [18]. Nevertheless, it remains
unclear whether any response obtained in the indi-
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Figure 2. Autocrine and paracrine regulation of cardi-
omyocyte function by NO

Slika 2. Autokrina i parakrina regulacija funkcije kar-
diomiocita azot-oksidom

vidual cardiomyocytes can be beneficial or detri-
mental to cardiac function of the intact heart.
Data that are more relevant come from multi-
cellular cardiac preparations. They show a typi-
cal dose-dependent biphasic inotropic response
to NO. Low values of NO, which correspond to
endogenously generated NO, cause a positive in-
otropic response, whereas higher concentrations
cause a consistent negative 1notropic response.
The response to the increased concentrations of
c¢GMP 1s similarly biphasic [19]. When the con-
centration of cGMP-inhibited phosphodiesterase
is low, it increases the intracellular level of cyclic
adenosine_monophosphate (cCAMP), which can
be considered a positive inotropy (Figure 2). Cy-
clic GMP at higher concentrations activates tl}l,e
cGMP-dependent protein kinase, which inhibits
adenosine trlphosg ate (ATP) synthesis, and clos-
es the voltage-dependent calcium channels,
which can also be considered a negative inotropic
response. Alternative interpretations, including
the cGMP independent mechanisms, are possible
due to the complexity of many NO signaling
pathways and interactions gO, 21]. Although the
modular interactions of NO with an autonomic
nervous or other cardiomodulatory systems can-
not be excluded in the human ventricle, no direct
NO influence has been detected. The advantage
of multicellular cardiac preparations is that they
allow the complete tracking of both systolic (con-
traction and relaxation) and diastolic (tension at
rest) phases of the cycle, both of which should not
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be ignored during the full assessment of the con-
tractile function. For example, higher concentra-
tions of NO cause a premature onset of relaxation
during isometric contraction [19, 22]. NO-de-
pendent effects on maximum rate of tension and
peak tension can manifest themselves as de-
creased, unchanged or even increased.

It is very difficult to confirm the NO inotropic ef-
fects in the heart directly, in vivo, because of the
confounding effects of varying loading conditions,
coronary flow and neurohormonal control and inter-
action with - adrenergic or cholinergic pathways as
well as with the atrial natriuretic peptide. Several
studies have provided indirect evidence of the less
positive inotropic effects [23, 24]. The biphasic effect
of NO, positive at low and negative at high concen-
trations of NO, is explained in transgenic mice in
which the activity of eNOS was exaggerated. It is
important to note that NO induces an earlier onset of
ventricular relaxation in vivo, thus improving the
ventricular relaxation, early rapid filling and diastol-
ic compliance. This effect may be accompanied by a
small decrease in the peak systolic pressure despite
the frequently unchanged rate of pressure develop-
ment and unchanged ejection fraction [25]. This ef-
fect is partially attributed to the NO-induced reduc-
tion of preload and afterload [24].

The negative inotropic effect can be considered
potentially harmful. In fact, it should be considered
potentially useful for the cardiac function since it
acts as a compensatory feedback loop when the
physiological effects on the duration of the contrac-
tion in the increased previous and/or subsequent
ventricular load are superior to the pathologically
prolonged duration of contraction in the ventricular
hypertrophy. Pinsky et al. [26] have shown that there
is a cyclic release of NO in the heart during heart
rate, mainly in subendocardial zone, which reaches
its peak during ventricular relaxation and early rapid
chamber filling phase. This time convenient, short-
term bursts of NO contribute to the important modu-
lation of the chamber relaxation phases, especially in
early filling and coronary perfusion during diastole.
Subendocardial localization, as the principal area
with the highest concentration of NO, indicates that
EE cells are the main source of NO.

Accordingly, NO has a double effect on cardiac
contractile performance. In response to the lower
concentrations of the endogenously synthesized NO
through eNOS activation, a positive 1notropic effect
is achieved, which contributes to the maintenance of
cardiac contractility under basal physiological con-
ditions. At higher NO levels, there is a negative re-
sponse to peak contractile performance resulting
from the iNOS activity or the pharmacological ap-
plication of NO donors. Its impact on the onset of
chamber relaxation, through the heart rate optimiza-
tion and coronary perfusion is certainly more impor-
tant, especially as a compensatory mechanism in the
ventricular filling phase, when the latter is disrupted
by disease.



Med Pregl 2014; LXVII (9-10): 345-352. Novi Sad: septembar-oktobar. 349

NO has a significant effect on the time sequence
of events and the very onset of the venticular relaxa-
tion and modulation of cardiac systolic function. By
delaying the onset of relaxation, the heart prolongs
and maintains systole, as a part of heterometric au-
toregulation (Starling law) under the conditions of
increased capacity and load pressure. In contrast, the
earlier onset of ventricular relaxation resulting from
NO release, favors the ventricular relaxation, early
rapid filling, diastolic compliance, and coronary per-
fusion during diastole, which all together represent a
compensatory mechanism against the venticular
load occurring under the conditions of severe mala-
daptive hypertrophy and/or tachycardia. When con-
sidering the impact of NO on contractility, we must
take into account its interaction with endothelin-1
(ET-1), prostaglandin I, (PGl,,, angiotensin II (ANG
II), B-adrenergic and cholinergic innervation, atrial
natriuretic peptide (ANP) and aldosterone [25-28].

Effect of NO on Cardiac Metabolism

Endogenous and exogenous NO reduces the ox-
ygen consumption of the myocardial tissue in both
a healthy and diseased human heart [29, 30]. Simi-
larly, a reduced production of NO leads to an in-
crease in myocardial oxygen consumption in con-
scious dogs [31]. The inhibition of oxygen con-
sumption by NO is also observed in the non-con-
tractile cardiac muscle cells [32]. NO produced in
the endothelial cells, and its inhibition of the myo-
cardial oxygen consumption, is increased by angi-
otensin-converting-enzyme (ACE) inhibition, most
probably by increasing the levels of bradykinin.
Bradykinin-induced reduction in the myocardial
oxygen consumption is reduced in eNOS of knock-
out mice [33]. The ability of NO to reduce the myo-
cardial oxygen consumption indicates potential car-
dio-protective effects of NO as it partially reduces
the heart rate during systole and leads to the in-
creased myocardial metabolic efficiency. It seems to
be achieved through a better use of the energy sub-
strate (free fatty acids, as opposed to glucose), or by
the regulation of the mitochondrial metabolism. NO
originating from MVE and EE cells regulates the lo-
cal myocardial metabolism directly. NO has a ten-
dency to compete reversibly with oxygen for a com-
mon binding site on cytochrome-c oxidase, thus in-
hibiting the transfer of electrons to oxygen. It has re-
cently been shown in cultured cardiomyocytes not
normally producing NO in situations where they are
not strained that cytokine-induced NO production
by iNOS activity or exogenous NO provided by NO
donors reduces the energy consumption, i.e. ATP
production and its consumption of myocardial con-
traction. This is accomplished by the inhibition of
the mitochondrial iron-sulfite reductase [34].

Nitric oxide contributes to cellular respiration
and affects cell function due to its ability to bond
the heme groups of the important biological pro-

teins (such as cytochrome - ¢ oxidase) in which it
competes with oxygen [2].

Importance of NO in Embryonic
Development of Heart

A congenital heart disease is the most common
malformation in children at birth. Endothelial
NOS is essential during the heart development.
Lack of eNOS results in congenital septal defects,
cardiac hypertrophy and postnatal heart failure. In
addition, eNOS is essential for the morphogenesis
of major coronary arteries and the development of
myocardial capillaries. The effects of NO are me-
diated by the induction of the transcription of
growth factors that are essential in angiogenesis.
Insufficient eNOS results in a high incidence of
bicuspid aortic valve, complicated by stenosis or
regurgitation, endocarditis, aortic aneurysm and
aortic dissection. Thus, NO produced by eNOS
plays a critical role in the embryonic development
of the heart, in the morphogenesis of the coronary
arteries and the aortic valve [35].

As result of eNOS activity, NO contributes to the
embryonic development of the heart as shown in the
experimental model of mice lacking eNOS. These
animals without eNOS survive until they reach ma-
turity; however, they exhibit frequent malforma-
tions (bicuspid aortic valve) [36]. A study involving
mice without eNOS reported a large volume of aor-
tic and ventricular septal defect, and a pillowy de-
formity, resulting in death shortly after birth [37].
Pharmacological inhibition of NOS leads to slowing
down or stopping cardiomyocytes differentiation,
which suggests that cardiomyocyte-originated NO
together with the endothelial NO may also play an
important role in cardiomyogenesis at some stage,
which probably corresponds to the later stage of the
pillowy formation and early myocardial compact-
ness. Brutsaert et al. [38] have come to the conclu-
sion that eNOS is present in EE cells in the develop-
mental stage of the rat heart even before eNOS oc-
curs in MVE cells, and even when the endothelial
cells in the ventricular myocardial capillaries have
been detected by immunohistochemical staining
[39]. At later stages of heart development, eNOS is
not only present in EE cells but also in MVE and in
the endothelium of coronary vessels, although it is
absent from cardiomyocytes.

NO and Remodeling of Heart

Endothelial mediators such as NO, ET-1, PGI,
and ANG II may affect the myocardial growth and
remodeling, since they affect the growth of vascu-
lar smooth muscles [40]. Regardless of their origin,
which may be myocardial or endothelial, NO and
ET-1 can take part theoretically in reactions of the
adult heart growth. Cardiac endothelum dysfunc-
tion is used to explain a maladaptive growth during
the progression of heart failure [5].
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Many experimental and clinical observations
confirm the effect of NO on the growth and remod-
eling of the heart. Bradykinin-induced NO synthe-
sis contributes to the negative effects on the growth
and is an example of the intersection of endocar-
dial-myocardial signaling pathways of the heart.
Bradykinin directly stimulates the growth of cardi-
omyocytes in culture, and the anti-growth effect
depends largely on the presence of endothelial cells
in co-culture, and the release of their mediators NO
and PGI, [40 41]. In the experiment with mice, the
dysfunctlon of bradykinin B, receptors leads to car-
diac hypertrophy followed by the chamber dilation
and reparative fibrosis, through the effects that can
be prevented by ANG I receptor antagonists [40].
Kinins normally stimulate NO release through the
activation of bradykinin B, receptors. Kallikrein/ki-
nin system has a cardioprotective effect as it eases
the process of remodeling by activating the cardiac
endothelial/myocardial signaling pathways [42, 43].

NO may act as a molecular switch in the promo-
tion and/or inhibition of the growth factors effects,
such as basic fibroblast growth (bFG), vascular en-
dothelial growth (VEGF) in TGF-p in an adult heart.
The levels of eNOS activity in cardiac endothelial
cells may, therefore, be valuable in controlling the
growth and remodeling of the heart [44, 45].

NO and Heart Failure

Over the last couple of decades, we have wit-
nessed an impressive progress in demystifying the
pathogenesis of heart failure, which has emphasized
the importance of a number of compensatory mecha-
nisms, such as cardiac dilatation or hypertrophy, the
participation of neurohumoral factors, synthesis of
cytokines and the activation of endothelial cells.
Compensatory mechanisms, either cardiac or non-
cardiac ones, may be insufficient to adapt to the new
conditions, with the resulting clinical manifestation
of heart failure [46].

Endothelium, that is the endothelial activation
and dysfunction, hold an important place in the
pathogenesis of heart failure. Endothelial dysfunc-
tion in clinical practice is mainly related to the re-
duced production of endothelial NO and its bioavail-
ability. It is believed that endothelial dysfunction oc-
curs when vasodilatation is expected, mediated by
endothelial NO in response to acetylcholine, brady-
kinin, substance P and/or serotonin deficient. The
concomitant use of a NO donor, e.g. nitroprusside,
would lead to the expected vasodilatation (Figure 3).

Measuring of the NOS levels during heart failure
has given disappointingly inconsistent data, which
may have resulted from the different etiology of heart
failure (dilated, idiopathic, ischemic, hypertrophic).
Thus, at the last stage of human heart failure, the lev-
el of eNOS is increased in the sub-endocardial cardi-
omyocytes, but it is decreased in the myocardial cap-
illary endothelial cells [47]. In heart failure caused by
septic shock, the activity of iNOS is increased, which
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Figure 3. The role of NO in the vasorelaxation of blo-
od vessels

Slika 3. Uloga azot-oksida u vazorelaksaciji krvnih
sudova

results in the increased synthesis of NO with the con-
sequent decreased strength of the heart contractions.
Cytokines, such as TNF-a, whose plasma values are
increased during the septic shock, are also considered
strong inducers of iNOS [48].

There is a significant positive correlation be-
tween the activities of the endocardial and sub-
endocardial iNOS and eNOS with ventricular con-
tractile performance which suggests a beneficial
effect of NO released from the endothelial cells in
patients with dilated cardiomyopathy. Endogenous
NO also has a cardioprotective effect in patients
with idiopathic dilated cardiomyopathy by lower-
ing the contractile response to 3-adrenergic stim-
ulation, thus saving myocardial oxygen [49].

Drugs used in the treatment of heart failure and
angina pectoris, which are based on organic nitrates,
act through NO in which they are metabolized. NO
activates the soluble guanylate cyclase, increases the
synthesis of cGMP, activates protein kinase A, and
leads to the cascades of effects in the smooth mus-
cle, ending with the dephosphorylatlon of light my-
osin chains, and the removal of Ca?*, and muscle re-
laxation. NO donors cause a distinct venodilation
with a reduction of central venous pressure and af-
terload. Its direct effect on coronary arteries de-
creases the spasm and increases the coronary flow.
Moreover, drugs such as glyceryl trinitrate redirect
the blood from normal to ischemic areas of the myo-
cardium through the collaterals. In addition to their
effect on smooth muscle, NO donors lead to the re-
laxation of the heart muscle.

Conclusion

The following conclusion can be made according
to the aforementioned:

— nitric oxide synthesis in the heart is one of the
factors that provides a normal cardiac activity under
physiological conditions

— there is a significant non-uniformity in the
distribution of endothelial nitric oxide synthase in
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the cardiac endothelium and cardiomyocytes with
the activity that is more intense in the endocardial
endothelial cells

— endothelial nitrous oxide synthase activity is
only partially expressed under the basal conditions
in normal cardiomyocytes and can be affected by a
number of mediators

— nitric oxide plays a significant role in modula-
ting cardiac function in response to a specific stimu-
lus, or in a state of myocardial stress, sympathetic or
parasympathetic neurotransmitter releases, muscle
stretching, and similar.

— endothelial nitrous oxide synthase-derived ni-
tric oxide has a vasodilatation and atheroprotective
effect, while nitric oxide synthesized by inducible
nitrous oxide synthase in macrophages, which has a
much higher capacity, has oxidative and anti-athero-
genic function.

— it promotes or inhibits the growth factors whi-
ch are important in controlling the growth and re-
modeling of the heart

— together with other pathogenic mediators,
enhanced release or lack of nitric oxide may lead
to heart failure.

The increased activity of inducible nitrous oxide
synthase enzymes in the insufficient cardiac tissue
leads to the increased nitric oxide synthesis, resulting
in the decrease of contraction strength. However,
measuring of inducible nitrous oxide synthase levels
during heart failure has led to disappointingly incon-
sistent data due to different methods of determining
the enzyme activity and different etiology of heart
failure. The discovery of the modulatory effect exert-
ed by nitric oxide on the contractility, rhythm, growth
and remodeling of the heart has prompted considera-
ble interest in the possibility of reversibility of cardiac
dysfunction via nitric oxid synthase inhibitors.
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