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Abstract
Evidence suggests that vascular endothelium plays key role in the regulation of vascular tone, in the process of inflammation and in the
thrombotic mechanisms. Recent studies indicate that it is an important component of the pathophysiological mechanisms of heart failure. Heart
failure may induce endothelial dysfunction by different mechanisms, such as reduced synthesis and release of nitric oxide (NO), increased
degradation of NO or by increased production of endothelin-1. In addition, endothelial dysfunction has been associated with the progression of
heart failure. Alterations in neurotransmitters, hormones and also in physiological stimuli are present in heart failure and affect the vascular
endothelium. Treatments with beneficial effects on endothelial dysfunction may also improve prognosis in patients with heart failure.
D 2004 Ireland Ltd. All rights reserved.
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1. Introduction
Vascular endothelium plays central role in the regulation of vascular tone, haemostasis and inflammation [1].
Endothelial cells produce vasoactive substances such as
nitric oxide, endothelium derived hyperpolarizing factor,
prostacyclin and endothelin that modulate the activity of
the underlying smooth muscle cell layer [2]. Impaired
endothelial function is recognised as the first step in the
atherogenic process and has also been described in
hypertension, diabetes, hypercholesterolaemia and heart
failure [3–8].
Congestive heart failure (CHF) is a common syndrome
affecting mostly subjects over the age of 65 years [9]. The
failing heart is a condition with diverse aetiology [10]. It is a
multisystem disorder which is characterised by signs and
symptoms related to abnormal contractility function, fluid
accumulation, activation of neurohumoral systems, limitation of peripheral circulation and end organ failure [11].
Recent evidence suggests that immune mechanisms and
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inflammatory processes play significant role in the pathogenesis and progression of heart failure [12–16].
In this article, we reviewed the interaction between heart
failure, inflammation and vascular endothelium. We also
focused on the therapeutic interventions that target vascular
endothelium in patients with heart failure.

2. Endothelial function in heart failure
There is now considerable evidence that there is abnormal
endothelial function in both large conduit and small
resistance vessels in patients with CHF [3,4,17–19]. Apart
from flow-mediated dilatation [20] and invasive plethysmography [21] which are indirect measures of nitric oxide production several endothelial markers such as von Willebrand
factor [22] and E selectin [23] have been used as a surrogate
for endothelial activation, endothelial dysfunction and
endothelial damage or injury in patients with heart failure.
The development of endothelial dysfunction may not be
homogenous in different circulatory beds in patients with
heart failure, as suggested by Elkayam et al. [24]. This group
of investigators showed that unlike the coronary and
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pulmonary circulation there is preserved endothelial function
in renal circulation in these patients. It has been suggested
that attenuated endothelial function is observed early in the
course of heart failure and may lead to decreased organ
perfusion, impaired exercise tolerance and the progression of
heart failure [25].
The impaired endothelial function observed in patients
with heart failure can be explained by different mechanisms.
These include reduced nitric oxide (NO) production,
increased NO degradation, increased endothelin-1 production and increased apoptosis.
2.1. NO in heart failure
NO is a soluble gas, which has been shown to have
important regulatory functions in the cardiovascular system
[1]. NO is formed from the N-guanino terminal of the amino
acid l-arginine and from molecular oxygen by nitric oxide
synthase enzymes [5]. One of these enzymes is Ca2+dependent and is constitutively produced in various types
of cells, including endothelial cells (eNOS) [1]. Another type
of nitric oxide synthase (iNOS) is Ca2+-independent and
inducible by immunological stimuli [2]. Both forms of NO
are produced in human heart and regulate myocardial
physiology [2,26]. It has been proposed that NO may protect
myocytes from deleterious stimuli [27]. However, when
large amounts of NO are produced by the iNOS enzyme,
these may have cytotoxic effects and inhibit myocyte
contractility [27]. NO induced by cytokines also has negative
chronotropic effects [28] and is capable of triggering
apoptosis [29]. It is, therefore, clear that a distinction
between the eNOS and iNOS produced NO is essential to
understand the role that NO plays in heart failure.
Circulating cytokines are increased in chronic heart
failure and may contribute to reduced synthesis and release
of NO [12,13,16]. It has been shown that TNF-a is able to
impair the stability of eNOS mRNA and to down regulate
eNOS expression [30]. At the same time cytokines and
TNF-a in particular, induce iNOS expression [3].
The main physiological stimulator of endothelial nitric
oxide production is shear stress induced by the blood flow
in the vessels [31]. While the release of NO via the eNOS is
decreased in patients with chronic heart failure, the basal
production of NO may be increased via iNOS [3]. The
reduced expression of eNOS shown in patients with heart
failure may well be the result of reduced blood flow. Shear
stress regulates eNOS and ultimately NO [32]. Indeed,
chronic reduction of blood flow in patients with heart failure
results in impaired flow dependent vasodilation, which can
be preserved by physical training [33].
These effects in production of NO are compounded by
increased degradation of NO as a result of increased activity
of angiotensin converting enzyme and increased production
of oxygen free radicals present in patients with heart failure.
Angiotensin converting enzyme shares structural homology
to kinase II, an enzyme that inactivates bradykinin. It has

been suggested that bradykinin regulates eNOS and is
associated with decreased NO release [25]. Reactive oxygen
species on the other hand may have a direct reaction with NO
to form peroxynitrite. In this way, reactive oxygen species
may induce endothelial dysfunction in patients with heart
failure by depleting the bioavailable NO and also by
furthering the oxidative injury to the endothelium [34].
2.2. The role of endothelin-1 in heart failure
Endothelins are a group of peptides, which are produced
by various cells including endothelial cells [35]. There are
four different isoforms of endothelins (ET). The main isoform
ET-1 is primarily produced by endothelial cells and its action
is mediated via vascular smooth muscle and endothelial
receptors [36]. By acting on vascular smooth muscle receptors ET-A and ET-B, ET-1 causes vasoconstriction while
the same isoform, by acting on the ET-B receptors of endothelial cells, induces vasorelaxation [37]. Increased levels of
endothelin have been associated with endothelial dysfunction
and have also been reported in patients with heart failure [18].
Studies also suggest that ET-1 regulates pulmonary vascular
resistance and that high ET-1 levels are associated with
increased severity of heart failure and also with increased
mortality in patients with CHF [38]. However, randomised
clinical trials testing the effect of endothelin receptor
antagonists in patients with heart failure have been disappointing. Thus, to date, there is no proven clinical efficacy for
using endothelin receptor blockers in patients with CHF [39].
2.3. Apoptosis and heart failure
Apoptosis or programmed cell death is the mechanism
by which the cell participates in its own death. The
evidence so far suggests that an abnormal apoptotic rate
may contribute in the pathogenesis of several cardiovascular diseases including congestive heart failure. In
cultured endothelial cells, serum of patients with heart
failure has been shown to induce apoptosis [30,40]. In
addition, the presence of elevated plasma concentrations of
apoptotic membrane microparticles in patients with heart
failure further supports the involvement of apoptosis in the
pathophysiology of heart failure [40]. Recent findings
suggest that oxidative stress regulates apoptosis of endothelial cells, and that increased endothelial cell apoptosis
correlates with depressed endothelial vasodilator response
to acetylcholine [41]. Furthermore, heart failure is associated with elevated circulatory levels of proinflammatory
cytokines [13,42] which can stimulate the generation of
reactive oxygen species [43]. Thus, proinflammatory
cytokines and oxidative stress may contribute to endothelial dysfunction in patients with heart failure by the
induction of endothelial cell apoptosis. Although apoptosis
may have an important role in heart failure, its evaluation
remains controversial and different methods are needed to
evaluate this process.
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3. Heart failure and inflammation
3.1. Proinflammatory cytokines in heart failure
Preliminary findings showed that patients with heart
failure had increased levels of TNF-a compared to healthy
controls [13] and are associated with the severity of heart
failure [13,44]. Since 1990, many groups have concentrated
on understanding how human inflammatory responses,
which are thought to protect the body from infections,
become overactive in patients with heart failure and produce
harmful effects.
It is well documented that activated macrophages are the
main source of TNF-a production; however, monocytes,
lymphocytes and neutrophils may also release this molecule
[45]. The failing heart can also produce TNF-a, which in
excessive levels can promote left ventricular remodelling and
can have negative inotropic effects [46]. Overproduction of
TNF-a may further aggravate the syndrome of heart failure
by inducing peripheral deleterious responses [47]. These
responses involve skeletal myopathy, endothelial dysfunction
and endothelial apoptosis in patients with CHF [48]. In
particular, skeletal muscle atrophy, the ultimate result of
catabolic processes in CHF, correlates strongly with exercise
capacity [49] in patients with heart failure and seems to be the
consequence of the production of proapoptotic cytokines
such as TNF-a [50].
TNF-a receptors can now be detected and measured as
soluble forms. These measurements give accurate estimates
of the activity of TNF-a in CHF [51].
Other cytokines implicated in the pathogenesis of CHF
are IL-1 and IL-6. Both have been shown to depress
myocardial contractility [12,52,53]. IL-6 in particular, has
been associated with the progression of heart failure.
However, the benefit of using these inflammatory molecules
as prognostic markers in CHF remains controversial.
Moreover, recent studies using anti-inflammatory components failed to demonstrate improvement in the mortality or
reduction of cardiovascular events [54,55].
3.2. Adhesion molecules in heart failure
Adhesion molecules are responsible for interactions
between endothelial cells, leukocytes and platelets and
they also play an important role in the biologic activity
of cytokines by mediating the cell–cell interactions of the
immune response [56]. We [57] and others [23,58] have
found that plasma adhesion molecules are increased in
patients with heart failure, and high levels of soluble
vascular cell adhesion molecule-1 and P selectin have
been shown to correlate with the severity of heart failure
[57,59].
The appreciation of the role of inflammatory mediators in
preclinical and clinical heart failure models led to multicenter clinical trials that used targeted approaches to
neutralise or depress these inflammatory responses. How-
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ever, some of these targeted therapeutic approaches resulted
in unfavourable results. These results can be partially
explained by the increased toxicity of these agents, or by
their specificity, which seems inadequate in a disease as
complex as heart failure.

4. Therapeutic targeting of endothelium and inflammation
in heart failure
As we have already stated, reduced synthesis or
increased degradation of NO play central role in the
observed endothelial dysfunction in patients with heart
failure. Many groups attempted to treat patients with heart
failure by targeting this molecule (Table 1).
In this context, Hornig et al. [60] studied the effect of
short and long-term vitamin C administration as an
alternative for improving endothelial dysfunction in
patients with heart failure. The beneficial effect of
antioxidants in restoring impaired endothelial function in
patients with heart failure has been further confirmed by
other groups [61]. Antioxidant treatment in heart failure
aims to neutralise the oxygen free radicals, present in large
amounts in the circulation. It was interesting to note that in
a study performed by Ellis et al. [61] long-term oral
administration of vitamin C was associated with improvement of flow mediated dilation in patients with CHF,
without a reduction in oxidative stress. Thus, antioxidant
vitamins may exert a beneficial action on endothelial
function in other ways apart from depletion of reactive
oxygen species. Possible actions could be an increase of the
availability of tetrahydrobiopterin [62], the cofactor for
eNOS enzyme and also interference with intracellular
apoptosis signalling [63].
Other groups tried to improve endothelial function in
patients with heart failure by targeting the synthesis of NO. It
has been shown that infusion of angiotensin converting
enzyme inhibitor quinaprilat is followed by improvement of
endothelial function in patients with heart failure [64] by
decreasing bradykinin degradation [65]. Thus, inactivation
of ACE results in bradykinin mediated endothelial production of NO [66], prostacyclin [67] and endothelium derived
hyperpolarizing factor [68]. It has been also suggested that
the effect of this treatment in restoring endothelial function is

Table 1
Endothelial dysfunction; therapeutic interventions in heart failure
Stimulating NO synthesis
!
!
!
!
!
!
!

Statins
l-Arginine
Antioxidants (F)
ACE inhibitors
Tetrahydrobiopterin
Estrogens
etc

Protecting deactivation of NO
!
!
!
!
!
!
!
!

Antioxidants
Hypolipidemic agents
Folic acid/B12/B6
Control of diabetes
Smoking cessation
Diet
Exercise
etc
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dependent on the stage of heart failure [69]. Patients with
mild to moderate heart failure showed different responses
when compared to those with severe heart failure and these
responses differ in different vascular beds [64,69].
Other mechanism is to increase the availability of NO
synthesis with the modification of l-arginine–NO pathway.
Oral supplementation and intravenous infusion of l-arginine
in several studies improved endothelial function making
plausible the rationale of increased production of NO by
supplementation of the substrate l-arginine [70]. The
beneficial effect of l-arginine was also noted clinically. Oral
administration of l-arginine for 6 weeks improved quality of
life and prolonged distances during a 6-min walk test [71].
Some studies tried to bypass the impaired endothelium
NO mediated vasorelaxation observed in patients with heart
failure by inducing relaxation of smooth muscle layer by
administration of a direct NO donor, nitroglycerin [72].
Nitroglycerin has been used to stimulate the cGMP which is
the second messenger, and to activate the soluble guanylate
cyclase in the vascular smooth muscle. The results from
these studies have been controversial [73]. Therefore, it is
difficult to suggest that nitrates can be used as a replacement
therapy for impaired endothelium.
Diuretics and especially potassium sparing diuretics have
been used as an addition to standard therapy in patients with
moderate to severe heart failure [74]. These medications apart
from their other actions showed an increase in forearm blood
flow response to acetylcholine [75]. This possibly suggests
their involvement in the regulation of NO bioactivity.
4.1. Regular exercise in heart failure
Regular exercise in patients with heart failure can
improve skeletal muscle performance, restore endothelial
function and reduce apoptotic and proinflammatory markers.
Skeletal muscle bulk loss and changes in the fiber type
with preferential synthesis of fast anaerobic myosin heavy
chains and skeletal muscle atrophy have been well documented in CHF [76–78]. Recent experimental and clinical
investigations have established the beneficial role of exercise
training on skeletal muscle function and its metabolic
abnormalities [79–81], and evidence now is provided that
regular physical exercise improves both basal endothelial NO
formation and agonist-mediated endothelium-dependent
vasodilation of the skeletal muscle microvasculature in
patients with CHF. This last effect has been attributed to
enhanced expression of eNOS synthase and decreased
production of vasoconstrictor prostanoids and free radicals
[82].
Experimental and clinical data have shown that regular
exercise can not only improve skeletal muscle performance
of patients with CHF [33], but can also restore abnormal
endothelial function [83,84]. Cardiac output is increased
during exercise and subsequently there is an increase in
endothelial shear stress. The increased shear stress is then the
stimulus for enhanced NO production [33]. Regular physical

training can also exert its beneficial action on the vascular
endothelium by modulating peripheral immune responses in
patients with heart failure [85]. Different groups have
confirmed that regular physical training in CHF reduces
cytokines such as TNF-a and adhesion molecules that are
known to be elevated in patients with heart failure. In CHF
patients undertaking a physical exercise training programme
a significant improvement has been found in the levels of
soluble apoptotic markers [86].
4.2. Adjunctive treatments in heart failure
In adjunction to regular therapy, other treatments have
shown to decrease inflammation and endothelial cell death in
experimental models. However, there is still controversy over
their clinical benefit in patients with heart failure. These
treatments include growth hormone (GH) therapy, micronutritients such as carnitine, and ATII receptor blockers
(Table 1).
Experimental data and early clinical reports have suggested that GH as a therapeutic adjunct may benefit patients
with chronic heart failure. GH can increase the contractility of
the heart, restore or augment ventricular wall mass [87,88],
reduce skeletal mass atrophy [89], restore oxidative fiber
pattern [89], enhance skeletal muscle strength, restore
peripheral vascular endothelial dysfunction [90] and also
reduce circulating levels of proinflammatory cytokines and
inflammatory markers [91,92]. Despite these beneficial
actions of GH, randomised studies have failed to confirm
functional improvement in patients with heart failure after
GH treatment [93]. Large randomised well-powered placebo
controlled clinical trials are needed to elucidate the exact role
of GH in patients with heart failure.
l-carnitine is a crucial component of activated fatty acid
transport mechanism across the mitochondrial membrane
[94]. It is a free radical scavenger, participates in the metabolism of branched chain amino acids and stabilises cellular
membranes. In addition, it is likely to have key role in
nuclear transcription. Carnitine is released from the
ischemic myocardium and its concentration in the coronary
sinus is proportional to the concentration of lactate [95].
Systemic carnitine deficiency manifests mainly as dysfunction of skeletal muscles and myocardium. Relative myocardial deficiency in carnitine is observed during heart
failure and many experimental data suggest that some
negative metabolic and biologic effects of heart failure are
alleviated by carnitine or its derivative propionyl-l-carnitine supplementation [96,97]. Although oral propionyl-lcarnitine has been associated with improved exercise
tolerance in patients with CHF [98], other studies have
failed to show the same benefit [99]. Additional studies are
needed to further elucidate the rationale for carnitine
supplementation in patients with CHF.
The angiotensin receptor blockers were synthesized to
block specifically the attachment of angiotensin II to its
receptor. In animal models, administration of angiotensin
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receptor blocker has reduced the generation of reactive
oxygen species and prevented the impairment of vascular
relaxation to acetylcholine [100]. In addition, angiotensin
receptor blockers may affect the fibrinolytic system and
have been shown to have a beneficial effect on inflammatory
markers including TNF-a and soluble vascular cell adhesion
molecule-1 [101,102]. Despite the fact that angiotensin
receptor blockers appear to have beneficial effect on
endothelial function and inflammatory markers, there is
not enough evidence to suggest their use in the treatment of
patients with CHF. Several ongoing studies will further
define their role in the treatment of heart failure [103].
In our institution, we have examined the effects of short
term atorvastatin treatment (4 weeks) on endothelial
function and inflammatory process in patients with heart
failure. We found that administration of atorvastatin, 10 mg
daily, improved endothelial function by reducing the
expression of proinflammatory cytokines and adhesion
molecules [104].
5. Conclusions
In patients with heart failure, impairment of endothelial
function has been demonstrated following the enhanced
production of cytokines, reduced peripheral blood flow,
increased production of oxygen free radicals and increased
ACE activity. Endothelial dysfunction contributes to the
progression of the disease by increasing the cardiac afterload, deteriorating myocardial ischemia and having a direct
detrimental effect on the heart and it has been associated
with the severity of heart failure.
The process of inflammation with the involvement of
vascular endothelium plays a key role in heart failure and may
have important clinical implications. Multiple clinical trials
have shown that traditional treatments for heart failure,
among their other actions, have also a positive effect on
vascular endothelium. At the same time, more specific
approaches to reduce inflammation gave contradictory and
mostly disappointing results. As our knowledge is expanding
on the pathophysiology of this complex disease, new
opportunities for medical treatment to improve the outcome
and prognosis of this syndrome seem possible. In this effort,
further study of the vascular endothelium and its responsiveness in the context of heart failure is warranted. This
knowledge widens the area for further research to identify
effective drugs in addition to conventional treatment in
chronic heart failure.

References
[1] Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol Rev 1991;43:
109 – 42.
[2] Luscher TF, Barton M. Biology of the endothelium. Clin Cardiol
1997;20:II-10.

351

[3] Drexler H, Hayoz D, Munzel T, Hornig B, Just H, Brunner HR, et al.
Endothelial function in chronic congestive heart failure. Am J
Cardiol 1992;69:1596 – 601.
[4] Kubo SH, Rector TS, Bank AJ, Williams RE, Heifetz SM.
Endothelium-dependent vasodilation is attenuated in patients with
heart failure. Circulation 1991;84:1589 – 96.
[5] Panza JA, Quyyumi AA, Brush Jr JE, Epstein SE. Abnormal
endothelium-dependent vascular relaxation in patients with essential
hypertension. N Engl J Med 1990;323:22 – 7.
[6] Tousoulis D, Davies GJ, Crake T, Toutouzas PC. Vasomotion and
nitric oxide bioactivity in diseased coronary arteries. Heart
2002;87:320 – 1.
[7] Toutouzas PC, Tousoulis D, Davies GJ. Nitric oxide synthesis in
atherosclerosis. Eur Heart J 1998;19:1504 – 11.
[8] Zeiher AM, Drexler H, Wollschlager H, Just H. Endothelial
dysfunction of the coronary microvasculature is associated with
coronary blood flow regulation in patients with early atherosclerosis.
Circulation 1991;84:1984 – 92.
[9] Jessup M, Brozena S. Heart failure. N Engl J Med 2003;348:
2007 – 18.
[10] McMurray JJ, Stewart S. Epidemiology, aetiology, and prognosis of
heart failure. Heart 2000;83:596 – 602.
[11] Mann DL. Mechanisms and models in heart failure: a combinatorial
approach. Circulation 1999;100:999 – 1008.
[12] Francis SE, Holden H, Holt CM, Duff GW. Interleukin-1 in
myocardium and coronary arteries of patients with dilated cardiomyopathy. J Mol Cell Cardiol 1998;30:215 – 23.
[13] Levine B, Kalman J, Mayer L, Fillit HM, Packer M. Elevated
circulating levels of tumor necrosis factor in severe chronic heart
failure. N Engl J Med 1990;323:236 – 41.
[14] Mann DL. Inflammatory mediators and the failing heart: past,
present, and the foreseeable future. Circ Res 2002;91:988 – 98.
[15] Shan K, Kurrelmeyer K, Seta Y, Wang F, Dibbs Z, Deswal A, et al.
The role of cytokines in disease progression in heart failure. Curr
Opin Cardiol 1997;12:218 – 23.
[16] Tsutamoto T, Hisanaga T, Wada A, Maeda K, Ohnishi M, Fukai D,
et al. Interleukin-6 spillover in the peripheral circulation increases
with the severity of heart failure, and the high plasma level of
interleukin-6 is an important prognostic predictor in patients with
congestive heart failure. J Am Coll Cardiol 1998;31:391 – 8.
[17] Katz SD, Schwarz M, Yuen J, LeJemtel TH. Impaired acetylcholinemediated vasodilation in patients with congestive heart failure. Role
of endothelium-derived vasodilating and vasoconstricting factors.
Circulation 1993;88:55 – 61.
[18] Kiowski W, Sutsch G, Hunziker P, et al. Evidence for endothelin-1mediated vasoconstriction in severe chronic heart failure. Lancet
1995;346:732 – 6.
[19] Ramsey MW, Goodfellow J, Jones CJ, Luddington LA, Lewis MJ,
Henderson AH. Endothelial control of arterial distensibility is
impaired in chronic heart failure. Circulation 1995;92:3212 – 9.
[20] Vanhoutte PM. Endothelial dysfunction and inhibition of converting
enzyme. Eur Heart J 1998;19(Suppl. J):J7 – 15.
[21] Katz SD, Rao R, Berman JW, et al. Pathophysiological correlates of
increased serum tumor necrosis factor in patients with congestive
heart failure. Relation to nitric oxide-dependent vasodilation in the
forearm circulation. Circulation 1994;90:12 – 6.
[22] Gibbs CR, Blann AD, Watson RD, Lip GY. Abnormalities of
hemorheological, endothelial, and platelet function in patients with
chronic heart failure in sinus rhythm: effects of angiotensinconverting enzyme inhibitor and beta-blocker therapy. Circulation
2001;103:1746 – 51.
[23] Andreassen AK, Nordoy I, Simonsen S, Ueland T, Muller F, Froland
SS, et al. Levels of circulating adhesion molecules in congestive
heart failure and after heart transplantation. Am J Cardiol 1998;81:
604 – 8.
[24] Elkayam U, Cohen G, Gogia H, Mehra A, Johnson JV, Chandraratna
PA. Renal vasodilatory effect of endothelial stimulation in patients

352

[25]
[26]

[27]
[28]

[29]
[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]
[38]
[39]
[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

D. Tousoulis et al. / International Journal of Cardiology 100 (2005) 347–353
with chronic congestive heart failure. J Am Coll Cardiol 1996;28:
176 – 82.
Drexler H, Hornig B. Endothelial dysfunction in human disease. J
Mol Cell Cardiol 1999;31:51 – 60.
Waldman SA, Murad F. Biochemical mechanisms underlying
vascular smooth muscle relaxation: the guanylate cyclase-cyclic
GMP system. J Cardiovasc Pharmacol 1988;12(Suppl. 5):S115–8.
Ikeda U, Shimada K. Nitric oxide and cardiac failure. Clin Cardiol
1997;20:837 – 41.
Shindo T, Ikeda U, Ohkawa F, Kawahara Y, Yokoyama M, Shimada
K. Nitric oxide synthesis in cardiac myocytes and fibroblasts by
inflammatory cytokines. Cardiovasc Res 1995;29:813 – 9.
Pulkki KJ. Cytokines and cardiomyocyte death. Ann Med 1997;29:
339 – 43.
Agnoletti L, Curello S, Bachetti T, et al. Serum from patients with
severe heart failure downregulates eNOS and is proapoptotic: role of
tumor necrosis factor-alpha. Circulation 1999;100:1983 – 91.
Rubanyi GM, Romero JC, Vanhoutte PM. Flow-induced release
of endothelium-derived relaxing factor. Am J Physiol 1986;250:
H1145–9.
Joannides R, Haefeli WE, Linder L, et al. Nitric oxide is responsible
for flow-dependent dilatation of human peripheral conduit arteries in
vivo. Circulation 1995;91:1314 – 9.
Hambrecht R, Fiehn E, Weigl C, et al. Regular physical
exercise corrects endothelial dysfunction and improves exercise
capacity in patients with chronic heart failure. Circulation 1998;
98:2709 – 15.
Moncada S, Higgs A. The l-arginine-nitric oxide pathway. N Engl J
Med 1993;329:2002 – 12.
d’Uscio LV, Barton M, Shaw S, Luscher TF. Endothelin in
atherosclerosis: importance of risk factors and therapeutic implications. J Cardiovasc Pharmacol 2000;35:S55–9.
Masaki T, Vane JR, Vanhoutte PM. International Union of
Pharmacology nomenclature of endothelin receptors. Pharmacol
Rev 1994;46:137 – 42.
Haynes WG, Webb DJ. Endothelin as a regulator of cardiovascular
function in health and disease. J Hypertens 1998;16:1081 – 98.
Wei CM, Lerman A, Rodeheffer RJ, et al. Endothelin in human
congestive heart failure. Circulation 1994;89:1580 – 6.
Rich S, McLaughlin VV. Endothelin receptor blockers in cardiovascular disease. Circulation 2003;108:2184 – 90.
Rossig L, Haendeler J, Mallat Z, et al. Congestive heart failure
induces endothelial cell apoptosis: protective role of carvedilol. J Am
Coll Cardiol 2000;36:2081 – 9.
Asai K, Kudej RK, Shen YT, et al. Peripheral vascular endothelial
dysfunction and apoptosis in old monkeys. Arterioscler Thromb Vasc
Biol 2000;20:1493 – 9.
Testa M, Yeh M, Lee P, et al. Circulating levels of cytokines and their
endogenous modulators in patients with mild to severe congestive
heart failure due to coronary artery disease or hypertension. J Am
Coll Cardiol 1996;28:964 – 71.
Dimmeler S, Zeiher AM. Reactive oxygen species and vascular cell
apoptosis in response to angiotensin II and pro-atherosclerotic
factors. Regul Pept 2000;90:19 – 25.
Anker SD, Clark AL, Kemp M, et al. Tumor necrosis factor and
steroid metabolism in chronic heart failure: possible relation to
muscle wasting. J Am Coll Cardiol 1997;30:997 – 1001.
Vassalli P. The pathophysiology of tumor necrosis factors. Annu Rev
Immunol 1992;10:411 – 52.
Torre-Amione G, Kapadia S, Lee J, Bies RD, Lebovitz R, Mann DL.
Expression and functional significance of tumor necrosis factor
receptors in human myocardium. Circulation 1995;92:1487 – 93.
Tracey KJ, Morgello S, Koplin B, et al. Metabolic effects of
cachectin/tumor necrosis factor are modified by site of production.
Cachectin/tumor necrosis factor-secreting tumor in skeletal muscle
induces chronic cachexia, while implantation in brain induces
predominantly acute anorexia. J Clin Invest 1990;86:2014 – 24.

[48] Feldman AM, Combes A, Wagner D, et al. The role of tumor
necrosis factor in the pathophysiology of heart failure. J Am Coll
Cardiol 2000;35:537 – 44.
[49] Mancini DM, Walter G, Reichek N, et al. Contribution of skeletal
muscle atrophy to exercise intolerance and altered muscle metabolism in heart failure. Circulation 1992;85:1364 – 73.
[50] Dalla LL, Sabbadini R, Renken C, et al. Apoptosis in the skeletal
muscle of rats with heart failure is associated with increased serum
levels of TNF-alpha and sphingosine. J Mol Cell Cardiol 2001;33:
1871 – 8.
[51] Ferrari R, Bachetti T, Confortini R, Opasich C, Febo O, Corti A, et al.
Tumor necrosis factor soluble receptors in patients with various
degrees of congestive heart failure. Circulation 1995;92:1479 – 86.
[52] Gulick T, Chung MK, Pieper SJ, Lange LG, Schreiner GF.
Interleukin 1 and tumor necrosis factor inhibit cardiac myocyte
beta-adrenergic responsiveness. Proc Natl Acad Sci U S A 1989;86:
6753 – 7.
[53] Munger M.A, Johnson B, Amber IJ, Callahan KS, Gilbert EM.
Circulating concentrations of proinflammatory cytokines in mild or
moderate heart failure secondary to ischemic or idiopathic dilated
cardiomyopathy. Am J Cardiol 1996;77:723 – 7.
[54] Deswal A, Bozkurt B, Seta Y, et al. Safety and efficacy of a soluble
P75 tumor necrosis factor receptor (Enbrel, etanercept) in patients
with advanced heart failure. Circulation 1999;99:3224 – 6.
[55] Fichtlscherer S, Rossig L, Breuer S, Vasa M, Dimmeler S, Zeiher
AM. Tumor necrosis factor antagonism with etanercept improves
systemic endothelial vasoreactivity in patients with advanced heart
failure. Circulation 2001;104:3023 – 5.
[56] Jang Y, Lincoff AM, Plow EF, Topol EJ. Cell adhesion molecules in
coronary artery disease. J Am Coll Cardiol 1994;24:1591 – 601.
[57] Tousoulis D, Homaei H, Ahmed N, et al. Increased plasma adhesion
molecule levels in patients with heart failure who have ischemic
heart disease and dilated cardiomyopathy. Am Heart J 2001;141:
277 – 80.
[58] Devaux B, Scholz D, Hirche A, Klovekorn WP, Schaper J.
Upregulation of cell adhesion molecules and the presence of low
grade inflammation in human chronic heart failure. Eur Heart J
1997;18:470 – 9.
[59] Yin WH, Chen JW, Jen HL, et al. The prognostic value of circulating
soluble cell adhesion molecules in patients with chronic congestive
heart failure. Eur J Heart Fail 2003;5:507 – 16.
[60] Hornig B, Arakawa N, Kohler C, Drexler H. Vitamin C improves
endothelial function of conduit arteries in patients with chronic heart
failure. Circulation 1998;97:363 – 8.
[61] Ellis GR, Anderson RA, Lang D, et al. Neutrophil superoxide aniongenerating capacity, endothelial function and oxidative stress in
chronic heart failure: effects of short-and long-term vitamin C
therapy. J Am Coll Cardiol 2000;36:1474 – 82.
[62] Huang A, Vita JA, Venema RC, Keaney Jr JF. Ascorbic acid enhances
endothelial nitric-oxide synthase activity by increasing intracellular
tetrahydrobiopterin. J Biol Chem 2000;275:17399 – 406.
[63] Rossig L, Hoffmann J, Hugel B, et al. Vitamin C inhibits endothelial
cell apoptosis in congestive heart failure. Circulation 2001;104:
2182 – 87.
[64] Hornig B, Arakawa N, Haussmann D, Drexler H. Differential effects
of quinaprilat and enalaprilat on endothelial function of conduit
arteries in patients with chronic heart failure. Circulation 1998;98:
2842 – 48.
[65] Remme WJ. Bradykinin-mediated cardiovascular protective actions
of ACE inhibitors. A new dimension in anti-ischaemic therapy?
Drugs 1997;54(Suppl. 5):59 – 70.
[66] O’Kane KP, Webb DJ, Collier JG, Vallance PJ. Local l-NGmonomethyl-arginine attenuates the vasodilator action of bradykinin
in the human forearm. Br J Clin PharmacolA 1994;38:311 – 5.
[67] Barrow SE, Dollery CT, Heavey DJ, Hickling NE, Ritter JM, Vial J.
Effect of vasoactive peptides on prostacyclin synthesis in man. Br J
Pharmacol 1986;87:243 – 7.

D. Tousoulis et al. / International Journal of Cardiology 100 (2005) 347–353
[68] Mombouli JV, Illiano S, Nagao T, Scott-Burden T, Vanhoutte PM.
Potentiation of endothelium-dependent relaxations to bradykinin by
angiotensin I converting enzyme inhibitors in canine coronary artery
involves both endothelium-derived relaxing and hyperpolarizing
factors. Circ Res 1992;71:137 – 44.
[69] Nakamura M, Funakoshi T, Arakawa N, et al. Effect of angiotensinconverting enzyme inhibitors on endothelium-dependent peripheral
vasodilation in patients with chronic heart failure. J Am Coll Cardiol
1994;24:1321 – 7.
[70] Hirooka Y, Imaizumi T, Tagawa T, et al. Effects of l-arginine
on impaired acetylcholine-induced and ischemic vasodilation of
the forearm in patients with heart failure. Circulation 1994;90:
658 – 668.
[71] Rector TS, Bank AJ, Mullen KA, et al. Randomized, double-blind,
placebo-controlled study of supplemental oral l-arginine in patients
with heart failure. Circulation 1996;93:2135 – 41.
[72] Schwarz M, Katz SD, Demopoulos L, et al. Enhancement of
endothelium-dependent vasodilation by low-dose nitroglycerin in
patients with congestive heart failure. Circulation 1994;89:1609 – 14.
[73] Munzel T. Does nitroglycerin therapy hit the endothelium? J Am
Coll Cardiol 2001;38:1102 – 5.
[74] Pitt B, Zannad F, Remme WJ, et al. The effect of spironolactone on
morbidity and mortality in patients with severe heart failure.
Randomized aldactone evaluation study investigators. N Engl J
Med 1999;341:709 – 17.
[75] Farquharson CA, Struthers AD. Spironolactone increases nitric oxide
bioactivity, improves endothelial vasodilator dysfunction, and
suppresses vascular angiotensin I/angiotensin II conversion in
patients with chronic heart failure. Circulation 2000;101:594 – 7.
[76] Vescovo G, Zennaro R, Sandri M, et al. Apoptosis of skeletal muscle
myofibers and interstitial cells in experimental heart failure. J Mol
Cell Cardiol 1998;30:2449 – 59.
[77] Vescovo G, Dalla LL, Serafini F, et al. Improved exercise tolerance
after losartan and enalapril in heart failure: correlation with changes
in skeletal muscle myosin heavy chain composition. Circulation
1998;98:1742 – 9.
[78] Vescovo G, Volterrani M, Zennaro R, et al. Apoptosis in the skeletal
muscle of patients with heart failure: investigation of clinical and
biochemical changes. Heart 2000;84:431 – 7.
[79] Adamopoulos S, Coats AJ, Brunotte F, et al. Physical training
improves skeletal muscle metabolism in patients with chronic heart
failure. J Am Coll Cardiol 1993;21:1101 – 6.
[80] Brunotte F, Thompson CH, Adamopoulos S, et al. Rat skeletal
muscle metabolism in experimental heart failure: effects of physical
training. Acta Physiol Scand 1995;154:439 – 47.
[81] Minotti JR, Johnson EC, Hudson TL, et al. Skeletal muscle response
to exercise training in congestive heart failure. J Clin Invest
1990;86:751 – 8.
[82] Varin R, Mulder P, Richard V, et al. Exercise improves flowmediated vasodilatation of skeletal muscle arteries in rats with
chronic heart failure. Role of nitric oxide, prostanoids, and oxidant
stress. Circulation 1999;99:2951 – 7.
[83] Coats AJ, Adamopoulos S, Radaelli A, et al. Controlled trial of
physical training in chronic heart failure. Exercise performance,
hemodynamics, ventilation, and autonomic function. Circulation
1992;85:2119 – 31.
[84] Kiilavuori K, Naveri H, Salmi T, Harkonen M. The effect of physical
training on skeletal muscle in patients with chronic heart failure. Eur
J Heart Fail 2000;2:53 – 63.
[85] Adamopoulos S, Parissis J, Kroupis C, et al. Physical training
reduces peripheral markers of inflammation in patients with chronic
heart failure. Eur Heart J 2001;22:791 – 7.

353

[86] Adamopoulos S, Parissis J, Karatzas D, et al. Physical training
modulates proinflammatory cytokines and the soluble Fas/soluble
Fas ligand system in patients with chronic heart failure. J Am Coll
Cardiol 2002;39:653 – 63.
[87] Houck WV, Pan LC, Kribbs SB, et al. Effects of growth hormone
supplementation on left ventricular morphology and myocyte
function with the development of congestive heart failure. Circulation 1999;100:2003 – 9.
[88] Tajima M, Weinberg EO, Bartunek J, et al. Treatment with growth
hormone enhances contractile reserve and intracellular calcium
transients in myocytes from rats with postinfarction heart failure.
Circulation 1999;99:127 – 34.
[89] Dalla LL, Ravara B, Volterrani M, et al. Beneficial effects of GH/
IGF-1 on skeletal muscle atrophy and function in experimental heart
failure. Am J Physiol Cell Physiol 2004;286:C138–4.
[90] Napoli R, Guardasole V, Matarazzo M, et al. Growth hormone
corrects vascular dysfunction in patients with chronic heart failure.
J Am Coll Cardiol 2002;39:90 – 5.
[91] Adamopoulos S, Parissis JT, Georgiadis M, et al. Growth hormone
administration reduces circulating proinflammatory cytokines and
soluble Fas/soluble Fas ligand system in patients with chronic heart
failure secondary to idiopathic dilated cardiomyopathy. Am Heart J
2002;144:359 – 64.
[92] Adamopoulos S, Parissis JT, Paraskevaidis I, et al. Effects of growth
hormone on circulating cytokine network, and left ventricular
contractile performance and geometry in patients with idiopathic
dilated cardiomyopathy. Eur Heart J 2003;24:2186 – 96.
[93] Wollert KC, Drexler H. Growth hormone and proinflammatory
cytokine activation in heart failure. Just a new verse to an old sirens’
song? Eur Heart J 2003;24:2164 – 5.
[94] Bremer J. Carnitine-metabolism and functions. Physiol Rev
1983;63:1420 – 80.
[95] Bartels GL, Remme WJ, Scholte HR. Acute myocardial ischaemia
induces cardiac carnitine release in man. Eur Heart J 1997;18:84 – 90.
[96] Aoyagi T, Sugiura S, Eto Y, et al. Inhibition of carnitine synthesis
protects against left ventricular dysfunction in rats with myocardial
ischemia. J Cardiovasc Pharmacol 1997;30:468 – 74.
[97] Whitmer JT. l-Carnitine treatment improves cardiac performance
and restores high-energy phosphate pools in cardiomyopathic Syrian
hamster. Circ Res 1987;61:396 – 408.
[98] Anand I, Chandrashekhan Y, De Giuli F, et al. Acute and chronic
effects of propionyl-l-carnitine on the hemodynamics, exercise
capacity, and hormones in patients with congestive heart failure.
Cardiovasc Drugs Ther 1998;12:291 – 9.
[99] Study on propionyl-l-carnitine in chronic heart failure. Eur Heart J
1999;20:70 – 6.
[100] Rajagopalan S, Kurz S, Munzel T, et al. Angiotensin II-mediated
hypertension in the rat increases vascular superoxide production via
membrane NADH/NADPH oxidase activation. Contribution to
alterations of vasomotor tone. J Clin Invest 1996;97:1916 – 23.
[101] Navalkar S, Parthasarathy S, Santanam N, Khan BV. Irbesartan, an
angiotensin type 1 receptor inhibitor, regulates markers of inflammation in patients with premature atherosclerosis. J Am Coll Cardiol
2001;37:440 – 4.
[102] Swedberg KB. Impact of neuroendocrine activation on coronary
artery disease. Am J Cardiol 1998;82:8H – 14H.
[103] Schiffrin EL. Vascular and cardiac benefits of angiotensin receptor
blockers. Am J Med 2002;113:409 – 18.
[104] Tousoulis D, Antoniades C, Bosinakou E, et al. Atorvastatin
improves endothelial function by reducing the expression of
proinflammatory cytokines and adhesion molecules in patients with
heart failure. Circulation 2003;108:IV-77 [Suppl.].

