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ABSTRACT

Heart failure constitutes a major cardiovascular health hazard worldwide. It afflicts
over 1% of the general population and nearly 1 in 10 of the elderly. Chronic heart
failure (CHF) also accounts for an increasing proportion of available hospital
resources. Moreover, despite intense medical care, the outlook for the patient with
chronic heart failure continues to remain quite dismal; both quality of life and
survival prospects are severely limited. Ventricular arrhythmias, thromboembolic
phenomena and sudden death are common in patients with this syndrome.
There is extensive experimental evidence from in vitro and animal experiments
that chronic heart failure is a state of increased oxidative and nitrosative stress.
Moreover, in animal models, the development of CHF is accompanied by changes
in the antioxidant defense mechanisms of the myocardium as well as evidence of
oxidative myocardial injury. On the other hand, in general, increased nitrosative
stress is linked to increased oxidative stress. Alterations in nitric oxide synthase
(NOS) activity and nitric oxide (NO) may contribute to failing heart. These data
have led to the hypothesis that increased oxidative and nitrosative stress at least may
be a mechanism of disease progression in CHF. In this article, studies on oxidative
/ nitrosative stress in CHF are reviewed with all dimensions.
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OZET

Kalp yetmezligi tiim diinyada kalp damar sagligi agisindan baslica tehdittir.
Genel olarak niifusun %]1’ini, yasli niifusun ise onda birini etkiler. Kronik kalp
yetmezligi (CHF) ayn1 zamanda hastane kaynaklarinin gittik¢e daha fazla oranda
tiiketilmesine yol agmaktadir. Ustelik, gosterilen yogun tibbi cabaya ragmen,
kronik kalp yetmezligi hastasinin durumu hala sikintilidir; hem yasam kalitesi,
hem de yagam siiresi sinirlidir. Bu sendromda, ventrikiiler aritmiler, tromboembolik
olaylar ve birden 6liim ile sik karsilagilir. Kronik kalp yetmezliginde oksidatif ve
nitrozatif stres artisini kanitlayan pek ¢ok in vitro ¢aligma ve hayvan deneyi vardir.
Ayrica, hayvan calismalarinda CHF nin gelismesine kalbin antioksidan savunma
mekanizmalarinda degisiklikler ve oksidatif miyokart hasarinin eslik ettigi
goriilmiistiir. Ote yandan, genel olarak nitrozatif stres artisi oksidatif stres artist ile
bagintilidir. Nitrik oksit sentaz (NOS) aktivitesi ve nitrik oksit (*\NO) liretimindeki
degisiklikler kalp yetmezligini etkiler. Bu bilgiler, oksidatif / nitrozatif stres
artisinin, en azindan CHF’nin ilerlemesine yol agan bir mekanizma oldugu
diisiincesini dogurmustur. Bu makalede, kronik kalp yetmezliginde oksidatif ve
nitrozatif stres artisi ile ilgili caligmalar tiim boyutlartyla derlendi.

Anahtar Kelimeler: Antioksidanlar, Kardiyomiyopati, Kronik kalp yetmezligi,
Nitrik oksit, Nitrozatif stres, Oksidatif stres, Reaktif azot tiirleri, Reaktif oksijen
tlrleri
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1. INTRODUCTION

Heart failure is a complex clinical syndrome, most
simply defined as a disorder in which the ventricles fail
to pump adequate quantities of blood to meet the needs
of peripheral organs. Chronic heart failure (CHF) is
a common debilitating illness, associated with a high
mortality and poor quality of life. It is the most frequent
cause of hospitalization among persons older than
65 years of age (1). Perhaps there are additional many
persons with asymptomatic left ventricular dysfunction
who are at high risk of developing heart failure (2).
Prognosis is poor, with median survival after onset only
1.7 years in men and 3.2 years in women (3). Ventricular
arrhythmias, thromboembolic phenomena and sudden
death are common in patients with this syndrome. Heart
failure is a condition that affects principally the elderly,
and with the progressive aging of the population, it is
virtually certain that the prevalence of heart failure
will continue to grow during the next decade both in
developed and in developing nations. Nearly 5 million
Americans have heart failure today (1). It affects
0.4%—2% of the total European population. Prevalence
increases sharply with age, affecting 6%—10% of those
older than 65 years (3,4). CHF is thus a disorder of the
elderly, due to the increasing longevity of population,
and increased survival rates from acute myocardial
infarction. The average age at presentation is 76 years,
with men being at a 75% higher risk of developing heart
failure than women (5,6). Therefore CHF is an important
and increasing public health problem because of the
increasing incidence and prevalence of the disorder and
enormous associated socioeconomic implications.

Reactive oxygen / nitrogen species (ROS/RNS) and free
radicals are constantly formed in the human body and
removed by an antioxidant defense system. A certain
amount of ROS / RNS production is, in fact, necessary
for proper health; for example ROS / RNS help the
immune system to eliminate microorganisms. Inhealthy
individuals, the generation of ROS / RNS appears to
be approximately in balance with antioxidant defense.
An imbalance between ROS / RNS and antioxidant
defenses in favor of the former via excessive production
of ROS / NOS, loss of antioxidant defenses, or both, has
been described as oxidative / nitrosative stress (7,8). In
some human diseases, increased oxidative / nitrosative
stress may make an important contribution to disease
pathology. However, increased oxidative / nitrosative
stress may be a result of disease pathology. When
ROS / RNS generation exceeds antioxidant defenses,
the excess species react with all classes of biologic
molecules, including lipids, proteins, and nucleic
acid bases which can severely affect cell structure
and viability. Especially cellular targets such as thiols,
proteins and lipids, many of them have special roles
for cellular signaling, are affected by increased ROS /
RNS. Consequently, in conditions of increased ROS /
RNS production, a variety of cellular responses through
generation of secondary reactive products result in cell
death by necrosis or apoptosis (Fig. 1).
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Figure 1. ROS / RNS formation and resultant cardiomyocyte injury
in CHF.

Over the last 20 years, such a huge number of study
relating to increased oxidative / nitrosative stress have
been performed that few diseases remain that have not
been linked in one way or another to oxidative stress. In
this connection, investigators have probed for evidence
of ROS / RNS — induced tissue injury and/or decreased
concentrations of antioxidant defenses.

2. ROS / RNS AND THEIR SOURCES IN
HUMAN BODY

Many ROS / RNS possess unpaired electrons and thus
are free radicals. These include molecules such as
superoxide anion (O,”), hydroxyl radical (OH), nitric
oxide (nitrogen monoxide "NO), nitrogen dioxide (NO,)
and lipid radicals. Other ROS / RNS, such as hydrogen
peroxide (H,0,), peroxynitrite (ONOQ"), peroxynitrous
acid (ONOOH) and hypochlorous acid (HOCI), are
not free radicals per se but have oxidizing effects that
contribute to oxidant stress (Table 1).

The cellular production of one ROS may lead to
the production of several others via radical chain
reactions. For example, reactions between radicals
and polyunsaturated fatty acids within cell membrane
may resultin a fatty acid peroxyl radical (R-COO) that
can attack adjacent fatty acid side chains and initiate
production of otherlipid radicals. Lipid radicals produced
in this chain reaction accumulate in the cell membrane
and may have a myriad of effects on cellular function,
including leakage of the plasmalemma and dysfunction
of membrane-bound receptors. Of note, end products
of lipid peroxidation, including unsaturated aldehydes
and other metabolites, have cytotoxic and mutagenic
properties (9-11).

Oxidative stress in human biology comes from a variety
of sources. In aerobic cells, incomplete reduction of
oxygen in the mitochondrial electron transport chain

releases "0, into the cytosol; 1-2% of molecular oxygen
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Table 1. Major Reactive Oxygen and Nitrogen Species in Biological Systems.

Reactive Oxygen Species Formula
Superoxide anion ‘0,”
Hydroperoxyl radical HO,
Peroxyl radical RO,
Alkoxyl radical RO’
Hydroxyl radical ‘OH
Hydrogen peroxide H,0,
Hypochlorite HOCI™
Hypochlorous acid HOCI
Ozone O,
Singlet oxygen
'AgO,
Reactive Nitrogen Species Formula
Nitric oxide (nitrogen monoxide) ‘NO
Nitrogen dioxide ‘NO,
Peroxynitrite ONOO™
Peroxynitrous acid ONOOH
Dinitrogen trioxide N,O,
Nitryl chloride NO,CI
Nitronium ion NO7,
Alkylperoxynitrite ROONO
RSNO

Nitrosothiols

[Adapted from Stocker R, Keany JF. (2003) Role of oxidative modifications in atherosclerosis. Physiol. Rev. 84, 1381-1478.]

consumed may be converted to "O,” by this way. Free
transition metal ions like iron and copper are strong
catalysts for oxidation reactions in the presence of
hydroperoxides. The superoxide anion interacts with
these free transition metal ions to produce the highly
reactive hydroxyl radical (OH). (9,12,13). The enzyme
xanthine oxidase (XO), an iron sulfur molybdenum
flavoprotein with multiple functions, may also be a
source of superoxide radicals during reperfusion of
ischemic tissues (14,15). Macrophages and neutrophils
produce also ROS such as H,0O, and HOCI as a means
of bacterial killing (16,17). Myeloperoxidase (MPO) is
a heme containing protein and the only human enzyme
known to generate HOCI. Phagocytes, including
neutrophils, monocytes and macrophages contain

membrane-bound NAD(P)H oxidases generating "O,”

upon activation. Like phagocytes, endothelial cells,
vascular smooth muscle cells and adventitial fibroblasts
contain a membrane - bound NAD(P)H oxidase which
generates ‘O,” via reduction of molecular oxygen
(19). ROS may be generated within the membranes,

in association with the arachidonic acid cascade and
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with the auto-oxidation of catecholamines (20-22). Iron
containing dioxygenases, lipoxygenases, are prooxidant
enzymes which catalyze the insertion of molecular
oxygen into polyunsaturated fatty acids to produce
biologically active lipids such as prostaglandins,
thromboxanes and leukotrienes (23). Drugs may exert
toxic effects by promoting ROS formation during
their metabolism, e.g. cardiomyopathy associated with
daunomycin and doxorubicin (24). Smoking represents
a major threat to health and many of its damaging
effects can be attributes to its free radical content and a
subsequent oxidative damage (25).

As newly biological aspects of 'NO have been discovered,
speculation has emerged that this radical plays important
roles in various pathophysiological mechanisms. ‘NO is
produced by NOS which are a family of enzymes that
catalyze the oxidation of L-arginine to L-citrulline.
There are three different isoforms of NOS. Two
isoforms, neuronal and endothelial, are constitutively
expressed while one is induced in response to cytokines
and endotoxins among other stimuli. In the context of
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cardiovascular system, endothelial NOS (eNOS; NOS3)
and inducible NOS (iNOS; NOS2) are most relevant.
In certain circumstances such as the absence of
sufficient cofactors like tetrahydrobiopterin for enzyme
catalysis, NOS becomes “uncoupled”. When the
enzyme becomes “uncoupled”, generates "O,” instead
of ‘NO by reducing molecular oxygen. ‘NO forms RNS
by reacting with ‘O,”, molecular oxygen, and metal
complexes. 'NO rapidly reacts with "0, to give rise
to ONOO"™. In biological systems, ONOO™ results in a
severely oxidizing environment. It can travel significant
distances and readily crosses cell membranes, therefore
it is considered a key trigger of DNA strand breakage.
Its protonated form peroxynitrous acid (HNOOH) is
also extremely reactive (26). Nitrogen dioxide ‘NO,) is a
strongly oxidizing radical which is formed from ONOO™
(27). Other important products derived from ‘NO are
dinitrogen trioxide (N,O,) which forms in the presence
of molecular oxygen and S-nitrosothiols (RSNO) which
form by nitrosation of thiols.

Human body controls and survives the continuous ROS
production due to a delicate balance between cellular
systems generating the various oxidants and those
maintaining the antioxidant defense mechanisms. There
are three antioxidant defence mechanisms existing inside
(intracellular) and outside (extracellular) the cells and in
membranes. Intracellular defense mechanisms include
the enzymes superoxide dismutase (SOD), catalase,
glutathione reductase (GR) and glutathione peroxidase
(GPO). These enzymes eliminate toxic reduction
intermediates of oxygen inside the cell, prevent radical
formation and so restrict oxygen toxicity. SOD removes
"0, catalytically by promoting the dismutation of *O,™ to
H,0,and O,; catalase removes H,O, when presentin high
concentrations; GPO removes H,O, when present in low
concentrations and can remove organic hydroperoxides
by conversion of reduced glutathione (GSH) to oxidized
form (GSSG); and GR substitutes the GSSG for the
reaction of GPO. Extracellular defence mechanisms
include plasma antioxidants such as albumin, bilirubin,
urate, ceruloplasmin and ascorbic acid, and extracellular
forms of SOD and GPO. Albumin binds copper and
heme and scavenges HOCI; bilirubin scavenges peroxyl
radicals; urate is a radical scavenger and metal binder;
ceruloplasmin scavenges "O,” and binds copper; ascorbic
acid scavenges "OH radical and plays a role in recycling
of vitamin E, a membrane antioxidant. Defence
mechanisms in memranes include vitamin E, beta-
carotene and coenzyme Q. Vitamin E (c-tocopherol) is a
very effective, lipid-soluble, chain-breaking antioxidant.
Beta-carotene is also a lipid-soluble antioxidant and
plays a role as a radical scavenger and singlet oxygen
quencher. These lipid-soluble antioxidants have also
antioxidant effects in lipoproteins. Coenzyme Q is
another membrane antioxidant in addition to its major
role in cellular energy metabolism (7, 9, 12).
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3. EVIDENCE OF INCREASED OXIDATI-
VE / NITROSATIVE STRESS IN CHF

Heart failure is not only an abnormality of the heart,
but a disorder of the circulation. Some patients have
structural cardiac damage that adversely affects systolic
or diastolic function, but they do not have heart failure
because of the compensatory mechanisms that maintain
cardiac output and peripheral perfusion. Therefore,
hemodynamic effects and neurohormonal compensatory
mechanisms take together place in patients with heart
failure. When the peripheral perfusion is decreased
in CHF, a number of neurohormonal mechanisms
are activated to preserve circulatory homeostasis.
However, neurohormonal activation fails to correct the
hemodynamic abnormalities (2,128,29). On the contrary,
sympathetic activation in CHF may even exacerbate
these abnormalities. Repeated ischemia reperfusion
cycles occur in the heart and peripheral tissues. The
release of catecholamines by sympathetic activation
initiates a series of self-reinforcing events that lead to
progressive left ventricular dysfunction and death (30-
32). In addition, increased activity of renin-angiotensin-
aldosterone system, particularly high angiotensin II
concentration, contributes to progressive ventricular
dysfunction (33). Although some investigators have
suggested that noradrenaline and angiotensin II
cause a state of calcium overload in the failing heart,
recent evidence suggests that the main mechanism of
neurohormonally mediated tissue injury may involve
ROS / RNS (34-37).

The present evidence suggests that oxidative stress
is increased in patients with CHF. There is extensive
experimental evidence from in vitro and in vivo animal
experiments that CHF is a state of oxidative stress.
Several studies have been published demonstrating
elevated plasma concentrations of malondialdehyde
(MDA), an end-product of lipid peroxidation, or MDA-
like material (thiobarbituric acid reactive substances:
TBARS) in patients with CHF (38-44). Previously we
showed elevated TBARS and increased susceptibility
to peroxidation in erythrocyte membranes of patients
with CHF (45). However, most of these investigations
have been criticized for the small study populations
(46). Also an elevated 4-hydroxy-nonenal level, an
unsaturated toxic aldehyde end-product of lipid
peroxidation, has been reported in patients with CHF
(47). The detection of unsaturated aldehydes is much
more important than that of MDA because of their
higher toxicity (48). One of the sources of ROS in the
body is polymorphonuclear leucocytes. Prasad et al (49)
showed that polymorphonuclear leukocyte production
of oxygen-derived free radicals is increased 4-fold in
patients with heart failure compared with controls.
Recently F,-isoprostanes have become prominent as
a sensitive and specific indicator of oxidative stress.
Mallat et al (50) reported a strong correlation between
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the concentration of pericardial 8-iso-prostaglandin
Fe (iPF, ) and left ventricle dimensions measured
echocardiographically. Additionally, these authors
reported elevated levels of immunoreactive iPF, - IIT
in pericardial fluid of patients with heart failure. Ide
et al (51) recently demonstrated that *O,” production
is increased in the submitochondrial particle fractions
isolated from canine failing hearts. The same authors
extended their earlier observations (52) by showing that
the production of ROS is increased in the failing (vs
nonfailing) myocardium. In a new study, urinary 15-F, -
isoprostane, plasma brain natriuretic peptide (BNP), and
serum IL-6 concentrations in patients with severe CHF
were found significantly higher than those in control
subjects or in patients with mild CHF (53).

Another means of detecting oxidative stress have been to
quantify antioxidant defenses. Dhalla and Singal (54) and
Hill and Singal (55) have found that antioxidant capacity
is decreased in models of heart failure. Consistent with
these observations, Keith et al (56) showed reduced
antioxidant activity and vitamin C concentrations in
plasma from patients with chronic heart failure. We
found decreased thiol groups in plasma and erythrocyte
membranes and decreased reduced glutathione (GSH)
in whole blood of patients with CHF (44, 45). Thiol
groups and GSH act as free radical scavenger and help
in regenerating other antioxidants; they are depleted
during such reactions (57). We also found depressed
erythrocyte superoxide dismutase activity in patients
with ischemic or idiopathic dilated cardiomyopathy
compared to controls (45). Other studies mostly showed
decreased plasma and erythrocyte thiols or GSH and
decreased SOD activity (38,39,58). Landmesser et al
(59) observed a marked reduction of endothelium-bound
extracellular SOD activity, a major antioxidant defense
system of the arterial wall, in patients with CHF. In the
heart, overexpression of another antioxidant enzyme,
GPO, after myocardial infarction prevents failure and
left ventricular remodeling in mice (60). On the other
hand, in the Keshan area of China, cardiomyopathy is
endemic (Keshan disease) among children under 15
years of age and is associated with selenium deficiency
and controlled by selenium supplementation. Selenium
is necessary for the activity of GPO as a cofactor
of the enzyme. Patients with cardiomyopathy have
been reported to have decreased serum selenium
(61). However requirement of selenium in endemic
cardiomyopathy needs further large-scale investigations
(62). Baumer et al (63) found a significant decrease
in catalase activity in human hearts with idiopathic
dilated cardiomyopathy, although direct ROS mediated
damage was not detected. At the cellular level naturally
occurring enzymatic antioxidants, such as SOD, GPO,
and catalase play an important role in the conversion
of ROS to oxygen and water. Accominotti et al (64)
showed lower vitamin C and beta-carotene levels in
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CHE. Keith et al (56) showed decreased vitamin C levels
with increased lipid peroxidation in patients with CHF.
Serdar et al (65) found a negative correlation between
the New York Heart Association functional class and
vitamin E and beta-carotene levels, and Polidori et al
(66) found directly correlated plasma vitamin E and A
levels with ejection fraction.

deBelder et al (67) discovered that iNOS is expressed
in the myocardium of patients with heart failure. After
this discovery, in vitro studies showed that iNOS
expression can induce cardiac contraction dysfunction
(68,09). These early studies have led to considerable
interest on the role of ‘NO in heart failure. Now, there
is increasing evidence on alterations in "NO generation
are of pathological importance in heart failure. We
measured ‘NO metabolites, nitrite and nitrate in a group
of patients with ischemic, dilated, and hypertrophic
cardiomyopathy and age- and sex- matched healthy
controls, and we found higher nitrite and nitrate
concentrations in the whole cardiomyopathy group
than control group with the highest levels in patients
with dilated cardiomyopathy (70). In another study, an
extremely high nitrite level was reported in patients with
ischemic and idiopathic dilated cardiomyopathy (71).
Sugamori et al (72) reported increased concentrations
of "NO metabolites and tumor necrosis factor o (TNFo)
in proportion with the severity of heart failure in
patients with dilated cardiomyopathy. In these patients
enhanced production of basal ‘NO could be caused by
iNOS which can generate large amounts of ‘NO and is
induced by cytokines. However, plasma concentrations
of 'NO metabolites are affected by exogenous factors
like drugs (nitrates, ACE inhibitors), diet, and renal
excretion. Therefore, increased concentrations of ‘NO
metabolites may not reflect actual tissue ‘NO synthesis.
In this connection, iNOS expression and activity could
more actually reflect the NO status. Drexler et al
(73) found increased iNOS gene expression in failing
human myocardium, but eNOS mRNA was decreased.
Additionally, neuronal NOS (nNOS) gene expression
is also increased in failing myocardium (74). However,
increased iNOS and nNOS expression does not reflect
the actual amount of bioavailable 'NO produced. Because
of the phenomenon of “NOS uncoupling”, the enzyme
produce ‘O, rather than ‘NO. In this setting, NO is
inactivated by "O,” in areaction that can generate ONOO™
so that bioactive ‘NO concentrations are decreased. And,
ONOO™ is a toxic species itself that can damage various
proteins by nitration and oxidation reactions.

In summary, CHF, regardless of etiology, is associated
with an increase in oxidative / nitrosative stress, and
an increase in ROS / RNS, a relative deficiency in the
endogenous antioxidant reserve, or both may be one
of the contributing factors in the pathogenesis of heart
failure.
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4. MECHANISMS AND CONSEQUENCES
OF INCREASED OXIDATIVE / NITRO-
SATIVE STRESS IN CHF

A number of mechanisms have been suggested for this
situation. Most patients with CHF exhibit excessive
activation of the sympathetic nervous system at rest
or during exercise; consequently there is an increase
in the circulating catecholamines. Auto-oxidation of
catecholamines, which are abundantly present in plasma
in CHF, can provide oxygen free radicals through
adrenochrome formation (30,75). It has been suggested
that, when mechanisms for metabolism of circulating
catecholamines are saturated or impaired, increased
free radical and adrenochrome production may become
available in the body (76). Adrenochrome has been
reported to affect cardiac function and viability (77).
Free radicals may reveal cardiotoxic effect by causing
peroxidation of membrane phospholipids, which can
result in permeability changes in the membrane, as
well as intracellular calcium overload and by oxidation
of sulfhydryl groups of membrane proteins (78).
Furthermore, free radicals are capable of reducing beta
- receptor density in cardiac tissue (79). In fact, the
ability of the failing heart to respond to endogenous
or exogenous catecholamines becomes markedly
attenuated (80).

During CHF there is an increase in the production
of prostaglandin E, and I, through activation
of phospholipases, and the production of these
prostaglandins is associated with the production of
free radicals through the arachidonic acid metabolic
pathway (49,81). In CHF, recurring ischemia -
reperfusion cycles may contribute to ROS generation.
In the capillary endothelial cell, the enzyme xanthine
dehydrogenase (XD) is converted to xanthine oxidase
(XO) during ischemia. This enzyme, by using oxygen,
catalyzes the conversion of xanthine and hypoxanthine
to uric acid. On reperfusion, the delivered oxygen is
reduced by XO system, producing ROS. At the same
time, serum levels of uric acid, the product of xanthine-
dehydrogenase / oxidase, are elevated in patients with
CHF (82). Mitochondrial electron - transport chain is
another source for ROS in the failing heart. The density
of mitochondria in cardiac myocytes and the highrate of
oxidative phosphorylation can result in a substantial flux
of "O,". During ischemia, the components of electron —
transport chain are reduced, increasing electron leakage
from the respiratory chain, which reacts with residual
molecular oxygen and forms superoxide radical (16).
Reperfusion re-energizes the mitochondria, but electron
egress through cytochrome oxidase is reduced because
of the lack of adenosine diphosphate (ADP), forming
oxygen radicals (83).

In CHF, there is also an increase in angiotensin II.
Angiotensin II stimulates the production of ROS and
activates molecules associated with redox regulation
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in the vasculature (34) and heart (84). In rats made
hypertensive by angiotensin II infusion, superoxide
production and NAD(P)H oxidase expression are
increased (34). It has been demonstrated that a major
source of oxygen radical production in vascular cells is
a membrane-bound, flavin-containing NADH/NADPH-
dependent oxidase, which is regulated in vitro and in
vivo by angiotensin II (85). Therefore, in CHF, in which
the renin angiotensin system is activated, one would
expect superoxide production to be increased.

On the other hand, myocyte cell loss through apoptosis,
programmed cell death has been reported in end-stage
heart failure and adriamycin cardiomyopathy (86). More
recently, increased oxidative stress has been shown to
promote apoptosis, and antioxidants have been shown
to inhibit this process (87). Increased tumor necrosis
factor (TNFa), natriuretic peptides, and angiotensin II,
may contribute to apoptosis in human CHF (88). 'NO
regulates apoptosis in two opposite way. Physiological

‘NO concentrations seem to suppress the apoptotic

pathway, while excessive ‘NO concentrations may
overwhelm cellular protective mechanisms and exert
cytotoxic and pro-apoptotic effects in patients with
CHF (89). Additionally, increased ‘NO in CHF reacts
with thiols and produces S-nitrosothiols. S-nitrosothiols
are potent inducers of apoptosis in the heart (90). Thiol
groups are reactive constituents of protein molecules
and essential in the protection against the deleterious
effects of ROS. Many enzymes and ion pumps e.g., Ca?*-
ATPase of sarcoplasmic reticulum, Na'K'-ATPase of
plasma membrane, and creatine kinase, include essential
SH groups in or near their active sites. Therefore, thiol
oxidation or nitrosilation may exert deleterious effects
on the activities of these enzymes and ion pumps of
cardiomyocytes and disrupts excitation-contraction
coupling (44, 45). In the myocytes, ion pumps regulate
especially calcium cycle responsible for normal
systolic and diastolic function. Moreover, in the
conditions of low oxygen saturation of CHF, ROS and s-
nitrosohemoglobin are generated from hemoglobin and
these alterations accompanying with oxidase activity of
hemoglobin contribute to tissue ischemia (91).

Additionally, oxidative stress may contribute to
endothelial dysfunction in heart failure, pathology with
growing interest in the setting of heart failure. "NO is
the main molecule derived from endothelium that (in
addition to the regulation of vascular tone) inhibits
platelet activity, vascular smooth muscle cell growth,
and adhesion of inflammatory cells to the endothelial
surface (92-94). Increased oxidative stress in the
coronary vascular bed in CHF not only deplete bioactive

‘NO and causes endothelial dysfunction, but also impairs

coronary flow reserve (95-96). Elevated levels of ROS,
especially superoxide anion, deplete bioavailable 'NO
and exacerbate local oxidative / nitrosative stress
by reacting directly with '‘NO to form peroxynitrite
(ONOQ"), which, in turn, imparts further oxidative /
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nitrosative injury to the endothelium by uncoupling of
NOS, thereby switching a beneficial enzyme for tissue
to an enzyme that may initiate or even accelerate the
oxidative / nitrosative stress (97). Moreover, decreased
‘NO bioavailability disrupts vascular endothelium
by rising in adhesion on the surface of endothelium
for neutrophils (98)"NO induces a concentration-
dependent biphasic contractile response with low
concentrations result in a positive inotropic effect,
but high concentrations cause a negative inotropic
effect (73). Therefore, negative inotropic effect of high
‘NO concentrations due to iNOS activation may be
responsible for contractile dysfunction in CHF patients.

Reduced coronary flow reserve in patients with CHF
has been reported to be associated with myocardial
ischemia (99), suggesting that a reduced coronary flow
reserve in CHF may initiate myocardial hypoperfusion
and thus lead to the progression of CHF. There is a
close relationship between activation of neutrophils
and inflammatory response. Activated neutrophils are
sources of ROS / RNS and cytokines. Overexpressed
cytokines such as TNFo produce ROS / RNS in CHF
(72,100). Elevated angiotensin II concentration resulted
from the activation of renin — angiotensin axis, causes
suppression of ‘NO synthesis (101), in addition to
stimulation of the pro-inflammatory cytokines and ROS
/ RNS generation (84, 85). Increased ROS - generating
capacity in neutrophils from patients with heart failure
(49, 102) may be based on these alterations. In addition,
the activation of neutrophils and migration to areas
of inflammation may play a significant role in the
immunologic response of chronic heart failure (103).

Extracellular matrix undergoes extensive and continuous
turnover in the transition to heart failure and during
the progression of left ventricular dysfunction. Matrix
metalloproteinases (MMP) are extracellular proteinases
stored in tissue and play a role in extracellular matrix
turnover. The activity of MMPs is tightly controlled in
normal circumstances. Increased oxidative / nitrosative
stress have also been implicated in the activation
of matrix metalloproteinases (MMP). Activation of
MMPs by ONOO™ result in progression of heart failure
through ventricular remodeling, dilation and increased
fibrosis which contribute to diminished systolic
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performance (104-105). Another enzyme activated
by ONOO™ (also "OH and H,0,) is Poly (ADP-ribose)
polymerase (PARP). PARP is an energy-consuming,
abundant nuclear enzyme with complex regulatory
functions. PARP is a DNA sensor and signaling
enzyme and binds both single- and double- strand DNA
breaks; when becomes activated it transfers ADP ribose
units to nuclear proteins so that intracellular oxidized
nicotinamide adenine dinucleotide (NAD") and ATP
are depleted. These alterations result in cell dysfunction
and cell death via slowing the rate of glycolysis and
mitochondrial respiration. It has been reported that
oxidative / nitrosative stress triggers the activation of
the PARP via DNA strand breakage (105,106).

5. CONCLUSIONS

In summary, although ROS / RNS are not totally
responsible for CHF, the evidence suggests that their
involvement often appears to play an important role by
increasing each other in the disease process. Increased
oxidative / nitrosative stress may play an important
role in myocardial remodeling, cardiomyocyte
apoptosis, endothelial  dysfunction, myocardial
excitation-contraction uncoupling, fatal ventricular
arrhythmias, and sudden death in patient with CHF.
This situation opens up potentially new, simple, and
attractive prevention and treatment approaches. In
fact, there is growing potential benefit in therapies that
can decrease oxidative / nitrosative stress in CHF. At
least, many cardiovascular agents with characteristics
against oxidative / nitrosative stress currently used,
e.g., ACE inhibitors, statins, calcium channel blockers,
beta blockers, probucol and hydralazine, have already
given hopeful results. However, the results should
be interpreted carefully because of the commercial
motivation of medicine companies.

In general, antioxidant supplements (vitamin C and
E), enzyme inhibition (inhibitors of XO, iNOS, MMP,
PARP), thiol agents (N-acetylcysteine, dimethylthiourea,
thioredoxin), some minerals (selenium, magnesium)
have potential benefit in therapy of CHF. However,
still there are very few large, prospective, longitudinal,
cohort randomized-controlled multicenter studies
performed with these agents.
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