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Heart Failure, Redox Alterations, and
Endothelial Dysfunction

Antonio Lopez Farré, Santos Casado

Abstract—Heart failure is characterized by neurohumoral alterations, such as activation of the sympathetic nervous system,
stimulation of the renin-angiotensin system, increased activity of the endothelin system, increased production of
norepinephrine, and increased circulating levels of cytokines. Oxidative stress is associated with the formation of
reactive oxygen species (ROS). The myocardium has enzymes that stimulate ROS generation and enzymes with
antioxidant effects. Severa studies have suggested that ROS are increased in the failing heart. ROS may contribute to
the pathophysiology of heart failure by initiating myocyte apoptosis and exerting direct negatively inotropic effects
through the reduction of cytosolic intracellular free calcium. However, mechanisms such as endothelial dysfunction and
inflammation have also been involved in the progression of heart failure. Antioxidants (eg, vitamin C) seem to improve
endothelia functionality and reduce the inflammatory response in patients with heart failure. Therefore, in this review,
we analyzed the involvement of ROS in the cellular and molecular mechanisms associated with endothelial dysfunction

in heart failure. (Hypertension. 2001;38:1400-1405.)
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eart failure may be viewed as a progressive disorder that
isinitiated after an index event either damages the heart
muscle, with a resultant loss of cardiac myocytes, or disrupts
the ability of the myocardium to generate force, thereby
preventing the heart from contracting normally. The impaired
emptying of the left ventricle, which characterizes heart
failure, may result from a variety of cardiac diseases, includ-
ing myocardial ischemia or infarction (which alters regional
function), cardiomyopathies (which alter global function),
and pressure or overload states (which lead to hypertrophy
and dilatation of the chamber). Efforts to enhance the con-
tractile force of the left ventricle have involved strategies for
the management of heart failure for the next generation.
Heart failure is aso characterized by a number of neuro-
hormonal abnormalities. These include the sympathetic ner-
vous system, as indicated by an elevated plasma norepineph-
rine level, stimulation of the renin-angiotensin system (which
increased plasma levels of aldosterone), increased activity of
the endothelin system, increased production of the arginine
vasopressin levels, and increased circulating levels of cyto-
kines. The clinical observation that heart failure can progress
independently of the hemodynamic status of the patient has
focused interest on the potential spectrum of mechanisms
responsible for disease progression in the failing heart.

Oxidants and Antioxidants in
the Myocardium
Oxidative stress is usualy associated with increased formation
of reactive oxygen species (ROS). Three mgjor ROS, superoxide

anion (O,7), hydrogen peroxide (H,0,), and hydroxyl radica
(OH™), are responsible for oxidative stress in heart failure.

The enzymatic sources of superoxide production within the
vascular wall include NADPH oxidase, xanthine oxidase, and
the endothelial NO synthase (eNOS) enzyme. Cells aso
contain different mechanisms against oxidative stress.*2 The
main intracellular enzymatic mechanisms are superoxide
dismutase (SOD), catalase, and glutathione peroxidase.l2
SOD catalyzes the dismutation of superoxide radical into
H,O, and oxygen. In the heart, this enzyme is present in 2
isoforms: Mn-SOD, which is expressed in the mitochondrial
matrix, and Cu/Zn-SOD, the cytosolic form. H,O, generated
from thisreaction is hydrolyzed by catalase (present in tissue
peroxisomes) and by glutathione peroxidase (mainly present in
the cytoplasm). A decrease in the antioxidant defense mecha
nisms in myocytes can be seen to promote oxidative stress. In
this sense, Dhalla and Singal® have shown that production of
superoxide in cardiac tissue isincreased as a consequence of the
reduced antioxidant reserve in heart failure.

Iron-binding proteins, iron-transport protein, and albumin
present in plasma are examples of extracellular antioxidants,
because they lower the free iron concentrations that, if present
in free form, can promote lipid peroxidation.# Lipid-soluble
a-tocopherol (vitamin E) and water-soluble ascorbic acid
(vitamin C) protect against lipid peroxidation and act as
cytosolic or extracellular antioxidants, respectively.

Several data have suggested increased ROS in patients
with heart failure. The plasmaand pericardia fluid of patients
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with heart failure contain elevated levels of thiobarbituric
acid—reactive substances, which are markers of ROS activi-
ty.5¢ Ellis et a” have aso recently shown, by electron
paramagnetic resonance spectroscopy, that lipid-derived ROS
were significantly higher in patients with chronic heart failure
than in control subjects. ROS may contribute in an important
manner to the pathophysiology of heart failure by initiating
myocyte apoptosis through nuclear factor (NF)-«B and ex-
erting direct negatively inotropic effects through depressed
calcium uptake and reduced calcium-stimulated magnesium-
dependent adenosine triphosphate activity of the cardiac
sarcoplasmic reticulum.89 Oxidative stress may also contrib-
ute to endothelial dysfunction in heart failure, a pathology
with growing interest in the setting of heart failure. The
purpose of this review is to analyze the involvement of ROS
in cellular and molecular mechanisms associated with endo-
thelia dysfunction in heart failure.

Endothelial Dysfunction in Heart Failure
Investigators have increasingly recognized the importance of
the endothelium as a central regulator of vascular homeosta-
sis. Heart failure has been associated with a reduced cardiac
output and excessive peripheral vasoconstriction. It has been
shown that endothelium-dependent vasodilation is abnormal
in both experimenta animals and humans with compromised
cardiac function.10.1t

It is aso now appreciated that 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.’2-14 The combination of loss of endothe-
lium and NO-dependent vasorelaxation, which is termed
endothelial dysfunction, plays a critical role in the pathogen-
esis of a number of heart disease risk factors, including
atherosclerosis and hypertension, and in the genesis of the
acute coronary syndromes.’s Flow-mediated dilation has aso
been demonstrated to be impaired in patients with chronic
heart failure and does not differ between patients with
ischemic etiologies and those with nonischemic etiologies of
chronic heart failure.”16 Endothelial dysfunction of the pe-
ripheral vasculature contributes to the elevated peripheral
vascular resistance in patients with heart failure. Endothelial
dysfunction in these patients may also limit cardiac and
skeletal muscle blood flow (particularly on exercise), impair-
ing exercise capacity and pulmonary blood flow regulation
(resulting in regulation-perfusion mismatching), and lead to
impaired diastolic cardiac performance.

The most proposed mechanism for endothelial dysfunction
related to ROS activity in heart failure is the enhanced
biodegradation of NO by ROS. Elevated levels of ROS
deplete bioavailable NO and exacerbate local oxidant stress
by reacting directly with NO to form peroxynitrite, which, in
turn, imparts further oxidative injury to the endothelium.2

Molecular Mechanisms Implicated in
Endothelial Dysfunction: Regulation of eNOS
MRNA Stability
In addition to reducing the bioavailability of NO, ROS may
also be involved in the regulation of the expression of eNOS,
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Inflammation

eNOS mRNA Degradation

Under inflammatory conditions in the cytosol of endothelium,
there appears a 60-kDa protein that binds to 3'-UTR of eNOS
mRNA. The binding of the 60-kDa cytosolic protein, termed
EDIP, was associated with eNOS mRNA destabilization and,
therefore, with downregulation of eNOS protein.

the enzyme that generates NO in the endothelium. The
so-called endothelium-dependent vasorelaxing response is
attributed to the NO released by eNOS activation expressed
in the endothelium. Therefore, to maintain an adequate eNOS
activity and, therefore, the ability of endothelium to produce
NO, it is essentia to preserve the expression of the eNOS
enzyme. Endothelial hyporesponsiveness in the coronary
circulation and attenuated expression of the eNOS protein
have been described in the heart-failure model of ventricular
pacing in the dog.

Although, initially, eNOS protein was defined as constitu-
tive, we have begun to discover that there are complex
mechanisms that regulate the level of eNOS expression. In
this regard, wel7.18 and other authors'® have recently demon-
strated that cytokines such as tumor necrosis factor-a
(TNF-a) and interleukin-18 reduce eNOS expression. The
mechanism by which cytokines reduce eNOS expression
appearsto belinked to areduction in the half-life of the eNOS
RNA messenger. In this regard, we recently performed
several experiments to analyze the mechanism by which
cytokines reduce eNOS mRNA stability. The regulation of
MRNA stability has emerged as an important mechanism in
the control of cellular MRNA levels. In some mRNAS, there
are sequences involved in the MRNA stability mainly located
in the 3'-untrandated region of the messenger (3'-UTR). In
this region, specific sequences can be recognized by specific
proteins that ultimately regul ate the stability of the messenger
and, therefore, its half-life. The eNOS mRNA possesses a
3'-UTR extreme, and we have recently described the exis-
tence of endothelial cytosolic proteins that interact with the
3'-UTR of eNOS mRNA .17.18

Incubation of endothelial cellswith cytokines increased the
binding activity of endothelial cytosolic proteins, particularly
a 60-kDa cytosolic protein, to 38 nt within the 3'-UTR of
eNOS mRNA, which was associated with eNOS mRNA
destabilizationt®20 (Figure). Therefore, the prevention of the
binding activity of the 60-kDa cytosolic protein to the
3’-UTR of eNOS mRNA could protect the endothelial func-
tionality in inflammatory-related cardiovascular diseases, in-
cluding heart failure. This 60-kDa endothelia cytosolic
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protein has been referred to as an endothelial dysfunctional
inductor protein (EDIP).

ROS and eNOS Expression

Despite ROS-reduced NO bioactivity, it has recently been
described that exposure of cultured bovine aortic endothelial
cells to H,O, paradoxically causes an increase in eNOS
mRNA stability.2t Accordingly, we have observed that H,0O,
reduces the binding activity of EDIP to the 3'-UTR of eNOS
mRNA, which was associated with the downregulation of
eNOS expression (authors' unpublished data, 2001). Taken
together, we may speculate that ROS reduce the bioavailabil-
ity of NO, athough increased eNOS protein expression could
be a compensatory response.

It is not surprising that ROS could regulate the expression
of eNOS protein, inasmuch as the involvement of ROS in the
regulation of the expression of several other proteins has been
reported. For example, different adhesion proteins, such as
monocyte chemotactic protein and intercellular adhesion
molecule-1 (ICAM-1), expressed in cultured human umbili-
cal vein endothelial cells by shear stress and cyclic strain,
have been reported to be inhibited by the antioxidant
N-acetylcysteine and catalase.2223 The phenolic antioxidant
probucol and vitamin E have been aso shown to inhibit the
oxidized LDL—mediated induction of ICAM-1 and vascular
cell adhesion molecule-1 expression. a-Tocopherol decreases
the influx of leukocytes in the vasculature by downregulating
the expression of E-selectin, decreasing interleukin-1 secre-
tion from monocytes, and attenuating the activation of
NF-kB.24

ROS could also increase eNOS protein expression by
acting on the eNOS gene. In this regard, eNOS promoter
regions contain putative binding sites for redox-sensitive
factors, including activator protein-1, specific promoter-1
transcription factor, and antioxidant-responsive elements.
Therefore, in addition to protecting eNOS mRNA stability,
ROS could stimulate the eNOS promoter, thus enhancing
eNOS expression, as has been demonstrated in cultured
endothelial cells incubated with H,0.,.

Despite the in vitro evidence suggesting that ROS in-
creases eNOS protein expression, severa studies have sug-
gested that heart failure leads to a decline in the expression of
eNOS protein.2526 Therefore, in the setting of heart failure,
others factors, such as cytokines, could counterbalance the
effect of ROS on eNOS expression, inducing endothelia
dysfunction.

Heart Failure and Inflammation

Severa inflammatory markers have been found to be elevated
in patients with heart failure. The present interest in under-
standing the role of proinflammatory cytokines, such as
TNF-a, in patients with heart failure arises from the simple
observation that many aspects of the syndrome of heart
failure can be explained by the known biological effects of
these molecules.

The cytokine hypothesis does not imply that cytokines
cause heart failure, per se, but that to potentially be involved
in the genesis of this pathology, the overexpression of
cytokines contributes to the progression of heart failure once

left ventricle dysfunction ensues. Recent studies in transgenic
mice that overexpress TNF-a in the cardiac compartment
have shown that these animals develop progressive left
ventricular dilation and dysfunction.2” Elevated levels of
TNF-a have consistently been detected in patients with heart
failure. Moreover, atrend toward increasing mortality seems
to exist with increasing levels of TNF-« in the Studies of Left
Ventricular Dysfunction (SOLVD).28

The heart generates TNF-a in response to a variety of
agents and forms of injury. Severa works have shown that
TNF-a mRNA and protein are present in failing human
hearts, whereas neither TNF-a mRNA nor protein is detect-
able in nonfailing human hearts.282° These findings suggest
that the myocardium represents an important source for
TNF-« production in heart failure. In addition to stimulating
NADPH oxidase in the myocardium, TNF-«a exerts direct
effects on the regulation of eNOS expression. As described
above, TNF-« reduces the half-life of eNOS mRNA in the
endothelium through activation of the binding of EDIP to the
3’-UTR of eNOS mRNA .1820 An eNOS:-like protein has been
identified within the heart in the endothelium of both the
endocardium and the coronary vasculature (including capil-
lary and venular endothelium), in cardiac myocytes, and in
specialized cardiac conduction tissue (including sinoatrial
and atrioventricular nodal tissue), as well as in some formed
elements of the blood, including neutrophils, monocytes, and
platelets.3031 Therefore, as in the vascular endothelium,
TNF-a could aso act by downregulating eNOS protein
expression in the myocardium through the interaction of
EDIP to the 3'-UTR of eNOS mRNA, favoring myocardial
dysfunction.

Based on these observations, different strategies have been
attempted to suppress cytokines in patients with heart failure.
A potentialy important pharmacological method for inhibit-
ing TNF-« production is the use of agents that elevate CAMP
levels, such as dobutamine, amrinone, and adenosine, which
block mRNA accumulation by blocking the transcriptional
activation of TNF-a. However, this point of view was not
supported by a recent full-length publication, in which
treatment with either intravenous dobutamine or milrinone
had no effect in terms of decreasing circulating TNF-a
levels.32 In a preliminary study of a small number of patients
with advanced heart failure treated with a soluble TNF-«
receptor antagonist that neutralizes the biological effects of
circulating TNF-«, an improvement in the functional status
and quality of life has been found.3® Accordingly, the levels
of TNF-a and other cytokines (interleukin-6, vascular cell
adhesion molecule-1, and ICAM-1) have been detected as
being elevated in the plasma and in the myocardium of
patients with heart failure; these elevated levels have been
suggested to be correlated with the severity of heart
failure3435

Neutrophils and Heart Failure
A close relationship between the activation of neutrophils and
the inflammatory response has been postulated. Neutrophils
are source of both ROS and cytokines. The superoxide-
generating capacity has been shown to be increased in
neutrophils from patients with heart failure but not in patients
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being treated with ACE inhibitors.” The activation of neutro-
phils and migration of these cells from the circulation to areas
of inflammation may play a significant role in the immuno-
logic response of chronic heart failure.

Vitamin C reduced the ability of neutrophils from patients
with chronic heart failure to produce ROS.” We have ob-
served that carvedilol, which aso improves superoxide-
induced endothelial dysfunction,3® reduces the ability of
neutrophils to release superoxide (authors unpublished data,
2001), suggesting a close relationship between endothelial
functionality and neutrophil activation. In this regard, we
have recently demonstrated that neutrophils express an
eNOS-like protein, as has been previously demonstrated in
the endothelium, and that the downregulation of eNOS
protein expression by TNF-« is associated with the presence
of EDIP in the cytosol of human neutrophils.3t This fact has
aso been observed in patients during acute myocardia
infarction, acardiovascular pathology associated with marked
endothelial dysfunction.3! These findings support a relation-
ship between endothelial dysfunction and neutrophil
activation.

Phar macological Perspectives

Severa cardiovascular drugs have been considered as anti-
oxidant supplements when used in patients suffering from
different cardiovascular diseases. Propanolol, a nonselective
B-adrenergic receptor blocker, is highly lipophilic and is
known for its membrane-stabilizing activity, antiperoxidative
activity, and antiradical activity.3” Carvedilol, a nonspecific
B-antagonist with «-blocking activity, has antioxidant prop-
erties.38 Calcium channel blockers have also been reported to
have antioxidant properties, inasmuch as they inhibit lipid
peroxidation by scavenging peroxy radicals.®® Captopril, an
ACE inhibitor, has also been reported to be an OH~ scaven-
ger because of its sulfhydryl content in addition to reduced
angiotensin I, which is a potent activator of NADPH oxi-
dase.° Losartan, an angiotensin 11 type 1 receptor antagonist,
has also demonstrated antioxidant properties.#* Aspirin has
also been shown to be an inhibitor of neutrophil NADPH
oxidase.#2

Antioxidants may offer the therapeutic benefit of protect-
ing endothelia function. a-Tocopherol improved endothelial
function in patients with type | diabetes mellitus, those with
spastic angina, hypercholesterolemic patients who smoke
cigarettes, and hyperhomocysteinemic subjects.4344 Vitamin
C administration also improves endothelium-dependent vaso-
dilation in patients with hypertension, hypercholesterolemia,
diabetes mellitus, coronary artery disease, and hyperhomo-
cysteinemia (see reviews*344). In the same line of evidence, it
has been postulated that smokers have lower levels of plasma
vitamin C than do nonsmokers; this difference has been
associated with endothelial dysfunction. Even children ex-
posed to environmental tobacco smoke have exhibited re-
duced levels of ascorbic acid.*> Horning et &l have recently
shown that both short-term and long-term treatment with
vitamin C improves endothelial dysfunction in patients with
congestive heart failure, which has been further confirmed by
others.”
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It is noteworthy that improvement of flow-mediated dila-
tion in patients with chronic heart failure after long-term ora
treatment with vitamin C (1 month) was not correlated with
reductions in oxidative stress,” which could be related to the
above-mentioned additional effects of vitamin C. A recent
study in vitamin C—reated patients with coronary artery
disease demonstrated a marked improvement in endothelia
function with no detectable change in oxidative stress. This
may support the involvement of other factors in addition to
ROS in the genesis of endothelial dysfunction related to heart
failure and also support other effects of vitamin C in addition
to ROS depletion. In this regard, vitamin C increased the
ability of eNOSto generate NO by increasing tetrahydrobiop-
terin availability.#¢ Although the main product of eNOS
activity is NO, paradoxically, this enzyme may aso generate
superoxide, a NO scavenger. eNOS will switch to generate
superoxide rather than NO in conditions in which intracellu-
lar tetrahydrobiopterin levels are reduced.*®

It has also been shown that vitamin C increases eNOS gene
expression.*47 There are several data that support the inhib-
itory effect of antioxidants on inflammation and indirectly
suggest the role of ROS as an activator of the inflammatory
response. a-Tocopherol helps decrease the influx of leuko-
cytes in the vasculature by downregulating the expression of
E-selectin, decreasing interleukin-1 secretion from mono-
cytes, and attenuating the activation of NF-«B.%® Captopril
and aspirin, drugs that have been used in patients with heart
failure to reduce ROS production, have also demonstrated
anti-inflammatory properties in leukocytes and smooth mus-
cle cells. 4950

Physical training program is used as therapeutic treatment
in patients with heart failure, with demonstrated beneficial
effects. Daily exercise has been shown to enhance the
expression of eNOS in norma animas and to improve
endothelium-dependent vasodilation in patients with chronic
heart failure.52.52 The increase in cardiac output that occurs
during exercise increases endothelial shear stress, which
stimulates eNOS expression. It is noteworthy that the eNOS
promoter contains a shear stress—responsive element that
stimulates eNOS gene transcription. Moreover, shear stress
has been shown to enhance Cu/Zn-SOD expression in human
aortic endothelial cells.53 Interestingly, training that has been
demonstrated to enhance eNOS expression aso improves
exercise tolerance, which is correlated with the attenuation of
the inflammatory process in patients with chronic heart
failure, indicating that both endothelial functionality and
inflammation may contribute to the impaired exercise capac-
ity seen in chronic heart failure.3s

Conclusions
The present review summarizes recent clinical and experi-
mental data suggesting the involvement of ROS and endo-
thelial dysfunction in heart failure. ROS are increased in the
plasma of patients with heart failure. An increased production
of ROS has been aso demonstrated in neutrophils from
patients with heart failure. Severa cardiovascular drugs, in
addition to vitamin C and a-tocopherol, have antioxidant
properties, including the a- and B-blocker carvedilol, angio-
tensin I—converting enzyme inhibitors, angiotensin 11 type 1
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receptor antagonists, and aspirin. Antioxidants improve en-
dothelial functionality in patients with heart failure by mech-
anisms in addition to the reduction of NO biodegradation.

Inflammation is also closely related to oxidative stress and

has a main role in the genesis of endothelial dysfunction by
downregulating eNOS expression in the endothelium and by
destabilizing eNOS mRNA in neutrophils. A 60-kDa cytoso-
lic protein termed EDIP has been associated with downregu-
lation of eNOS expression in the endothelium and
neutrophils.

Physical training programs and drugs that modulate eNOS

expression, inflammation, and ROS may represent a new
therapeutic strategy for the treatment of patients with heart
failure.
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