
long-term (similar to persistent neuroendocrine activation). Nevertheless, these
inflammatory processes seem to be adaptive in acute phases of ischaemia, thereby
providing protective effects.

There is now some evidence that both ACE-inhibitors and physical training
not only block neuroendocrine systems but, also depress proinflammatory
processes in the circulation and possibly in skeletal muscle itself. For example, it
was shown that systematic physical exercise was able to break the vicious circle
of neuroendocrine- and inflammatory- stimulation of the skeletal and respiratory
muscle in CHF and consequently improve exercise intolerance as one of the key
symptoms by reducing peripheral markers of inflammation. It is quite obvious
that inflammation is a key feature of chronic heart failure. While targeting specif-
ic pro-inflammatory factors such as TNF has not been beneficial so far in patients
with heart failure in large trials, physical exercise is associated with significant
depression of pro-inflammatory cytokines raising the possibility that reduction of
cytokine activation may represent an important mechanism by which exercise
exerts its beneficial effects. 

Inflammation in the failing myocardium

Inflammation requires leukocytes to be present in the tissue, in this case in the
myocardium. In this respect, it has been shown that the myocardium in patients
with dilative cardiomyopathy shows a phenotypical pattern of inflammation with
infiltration of mononuclear cells (1). In addition, increased mast cell density has
been reported in the myocardium of both patients with dilative cardiomyopathy
and ischaemic cardiomyopathy. Thus the increase in mast cells in cardiac tissue is
not a consequence of myocarditis but found in CHF per se. Release of inflammato-
ry mediators from cardiac mast cells caused by immunological and nonimmuno-
logical stimuli appears to be higher in patients with dilative and ischaemic car-
diomyopathy compared with control subjects (2). Do these increased numbers of
mast cells play a functional role ? There is experimental evidence that mast cell
deficient mice exposed to chronic pressure overload by aortic banding do not show
signs of decompensated hypertrophy and signs of heart failure compared to their
wildtype controls (3). Thus, mast cell mediated inflammation may be required for
the transition to heart failure once these animals are exposed to pressure overload
suggesting that inflammation is involved in the progression to heart failure.

Myocardial and systemic levels of cytokines

Cytokines are biologically active molecules which stimulate via specific recep-
tors different processes such as gene expression and play important roles in sig-
nalling for immune modulation. A large number of different cytokines are known,
which are generally characterised as pro-inflammatory or anti-inflammatory
cytokines. Accumulating evidence strongly indicates that cytokines play a patho-
physiological role as mediators of the immune system in different cardiac dis-
eases, not only in myocarditis as an obviously inflammatory disease but also in
CHF. Numerous observations suggest that these immune modulators are not only
a consequence of reduced cardial contractility but play a causal role in the patho-
genesis of CHF. In fact cytokines, in particular tumour necrosis factor alpha
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Introduction

Chronic heart failure (CHF) is characterized by the inability of the heart to supply
the body with sufficient amount of blood for metabolic and circulatory needs.
Characteristically, this progressive evolving syndrome is accompanied by local
and systemic adaptive processes which first compensate for the decreased cardiac
function and preserve systemic perfusion. Beyond neurohumoral activation, func-
tional alterations include endothelial dysfunction and structural changes such as
peripheral myopathy which in turn impair the functional capacity of patients with
heart failure, contributing to progressive aggravation of CHF symptoms in the
long term. In this respect it became obvious that continued activation of the
neuro-endocrine system while being initially adaptive, exerts detrimental long-
term effects both in terms of symptoms in patients with CHF but probably also in
terms of the prognosis of these patients. Thus, it is our current view that persistent
activation of these systems are maladaptive. Accordingly, inhibition of the renin-
angiotensin-aldosterone-system by angiotensin-converting enzyme (ACE)-
inhibitors and inhibition of sympathetic tone by ß-blockers have been shown to
improve the clinical status of CHF patients, their prognosis and do represent now
a hallmark of therapy in patients with heart failure. Yet, important aspects of their
mechanism of action in heart failure are still unclear. It has been demonstrated
however, that long-term treatment with ACE inhibitors leads to improvement of
peripheral myopathy, endothelial function and peripheral oxygen utilization.

Apart from this neuroendocrine activation heart failure is characterized by
an inflammatory component. There is accumulating evidence that inflammation
plays an important role in the development of left ventricular remodelling includ-
ing structural and functional changes of the myocardium. Notably, mediators of
inflammation act also as catabolic factors that are thought to be involved in the
pathogenesis of peripheral muscle wasting and cardiac cachexia. Peripheral
myopathy in CHF appears to develop independently of the haemodynamic
changes caused by reduced left ventricular function. It turned out that sustained
activation of pro-inflammatory factors are deleterious and maladaptive in the
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in patients with CHF (11). Moreover, data from the Framingham survey suggest
that IL-6 can estimate the risk to develop heart failure in older individuals without
previous history of cardiac events (12). Thus, IL-6 may not only represent a prog-
nostic marker but also a risk factor for developing the disease CHF. These obser-
vations do not establish whether or not interleukin-6 is involved in the disease
process or merely a marker of the disease. In other words, are high levels of IL-6
harmful in a pathophysiological sense or do they represent only a marker for the
prognosis and progression of CHF? To address this issue we recently completed
experimental studies using mice with systemic knockout of IL-6. In these series
of studies, mice deficient for IL-6 had similar long-term survival, left ventricular
function and remodelling after experimental myocardial infarction as compared
to corresponding wild type mice (13). In mice lacking IL-6, other members of the
IL-6 family such as LIF and other factors signaling via JAK/STAT such as
angiotensin appeared to act in a compensatory manner to activate the JAK/STAT
pathway, which is crucial for the cellular effects of IL-6 cytokines. The IL-6 fam-
ily of cytokines leads to activation of several target genes by signalling via a
membrane bound receptor (gp130) and activation of further down stream intracel-
lular signalling proteins (JAK and STAT). In this respect we have recently shown
that patients with dilative cardiomyopathy show increased levels of circulating
IL-6 and increased activation of its specific receptor gp130. However, myocardial
expression and activation of the consecutive JAK/STAT signal transduction path-
way is impaired (i.e. JAK2 and STAT3) (14). In fact mice deficient for one of
these signal molecules (STAT3) develop cardiomyopahty and heart failure with a
marked increase in mortality (15). Thus, the signal transduction of IL-6 cytokines
in the myocardium seems to be protective, while inhibition of the JAK-/STAT
pathway is deleterious! Taken together, cytokine activation in heart failure may
not necessarily be harmful in general which needs to be considered in the devel-
opment of anti-inflammatory therapeutic interventions. 

Cytokines and peripheral myopathy in heart failure

The alterations in skeletal muscle in patients with CHF include muscle atrophy,
programmed cell death (apoptosis), increased fibre type switching from oxidative
type I fibres to glycolytic type IIb fibres, decreases in mitochondrial enzymes
involved in oxidation of fatty acids, decrease in cytochrome c oxidase and mito-
chondrial volume density (16,17). Many of these abnormalities cannot be
explained solely by endothelial dysfunction and reduction in muscle blood flow
or by prolonged inactivity (18).

TNF-α is related to cardiac cachexia in patients with severe CHF. Adminis-
tration of TNF-α to animals has been shown to cause a reduction in the number of
mitochondria and protein reserves in skeletal muscle, leading to cachexia (19).
Cytokines cause muscle wasting through both indirect (anorexia) and direct (e.g.
inhibition of protein synthesis, induction of iNOS, apoptosis) mechanisms. Thus
TNF-α intensifies skeletal muscle catabolism by opposing the nutritive action of
anabolic hormones like insulin on skeletal muscle cells (20), or by reducing the
expression of growth factors such as insulin-like growth factor-1 (IGF-1) (21).
TNF-α stimulates expression of inducible nitric oxide synthase (iNOS) via
nuclear-factor-kappa-B (22). In fact we have recently shown that iNOS expression
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(TNF-α), have been shown to exert cardiovascular effects which are typically
found in heart failure, Thus, it is quite likely that cytokines are involved in the
development of key features of clinical heart failure; i.e. TNFα exerts negative
inotropic effects and left ventricular dysfunction, endothelial dysfunction, car-
diomyopathy, pulmonary oedema, reduced skeletal muscle blood flow, anorexia
and cachexia, cardiac myocyte apoptosis, and activation of the foetal gene pro-
gram. These inflammatory mediators are now known to be expressed by all cell
types residing in the myocardium, including the myocyte. While the increased
expression and activity of pro-inflammatory cytokines is well documented, it is
less clear what are the triggers for their activation in the heart. However, experi-
mental studies have shown that myocardial ischaemia, angiotensin (i.e. an activat-
ed renin-angiotensin system) and pressure overload can induce cytokine expres-
sion in the myocardium. 

Notably, cytokine concentrations are not only elevated in the myocardium,
but also in the systemic circulation. Cytokines are not only thought to be involved
in autocrine and paracrine effects of the myocardium but appear to act also as an
endocrine effector in the peripheral circulation. The sources of the increased cir-
culating levels of cytokines are not fully clarified and several possibilities have
been proposed. While the heart may represent one source of cytokine production,
it appears that the increased plasma levels are related also to other peripheral pro-
duction sites. One concept is, that endotoxin-induced immune activation emerges
secondary to the gastrointestinal oedema, followed by enhanced exposure to
endotoxins with subsequent pro-inflammatory responses (4). Similarly, it has
been hypothesised that prolonged physical activity and high level exercise train-
ing can be associated with increase exposure of endotoxins entering via the gut
eliciting pro-inflammatory responses. In chronic heart failure, some studies sug-
gest that impaired tissue perfusion and hypoxia may be involved in peripheral
synthesis of cytokines, such as interleukin 6 (IL-6).

The levels of plasma cytokines, in particular IL-6 and TNF-α are related to
the severity of heart failure as classified by NYHA classes (5). Moreover, there is
a relationship between the plasma levels of TNF-α and survival in patient with
CHF, i.e. the circulating levels of TNF-α are a strong independent predictor of
prognosis, beyond haemodynamic and clinical parameters (6). Cytokines appear
to be activated at early stages of CHF, arguing against the assumption that
cytokine activation in heart failure is simply attributed to enhanced neurohumoral
factors such as angiotensin (7).

Experimental studies have demonstrated that sustained cardiac expression
of TNF-α mimics the key features of severe heart failure phenotype. For example
infusion of pathophysiologically relevant doses of TNF-α lead to partially
reversible left ventricular dysfunction (8). Transgenic TNF-α overexpressing
mice develop left ventricular dysfunction and dilated cardiomyopathy. The degree
and progress of dysfunction depends on the degree of overexpression (9). Howev-
er, in contrast to the deleterious effect of increased TNF-α in the long term, short-
term endogenous TNF-α can protect cardiomyocytes acutely against ischaemia
induced apoptosis in the mouse model of myocardial infarction (10). Thus, short-
term activation of endogenous TNF-α may provide protective effects in repetitive
ischaemia in patients with ischaemic heart disease (the majority of CHF patients).

Notably, besides TNF-α, IL-6 is a strong independent predictor for survival
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long-term therapy. Thus, the failure of anti TNF-α therapy in CHF patients should
not be interpreted as an absence of an important role for TNF-α in the develop-
ment and progression of CHF. Rather the study design should be matter of con-
cern. In fact in patients with early stages of CHF the inflammatory process may
be adaptive and protective (i.e. in ischaemic heart disease), whereas in severe
CHF the chronic inflammation promotes the progress of disease. The complete
antagonism of TNF-α could be harmful with in regard to the potential cytoprotec-
tive effect by the endogenous physiological levels. In addition the intrinsic toxici-
ty of the used agents could have played a substantial role. Etanercept is able to
increase TNF-α levels temporarily at high amounts via its pharmacodynamic
process and therefore acts as a partial agonist (39). This increase of TNF-α bioac-
tivity might not be problematic in rheumatoid arthritis wherein TNF-α is encap-
sulated within a joint space and peripheral circulating levels are relatively low,
while in sepsis etanercept led to worsening clinical outcomes.

The Infliximab used in the ATTACH study reached unexpected high circu-
lating levels. In addition intrinsic toxicity may have played a major role. Thus
Infliximab exerts its effects at least in part by fixing complement in cells that
express TNF on membranes. Accordingly membrane bound TNF may lead to
myocyte lysis by membrane attack complex (40). This side effect appears to be
beneficial in Crohns disease (elimination of activated T-cells), whereas it is very
likely to be deleterious in failing myocytes expressing TNF on their surface.

On the other hand the addition of anti TNF agents on top of the current
accepted therapy in CHF may have no or even adverse effects. Notably ACE-
inhibitors and angiotensin receptor antagonists do depress TNF in the heart (41).
Nevertheless, it is also conceivable that the concept of selective blocking of one
important pro-inflammatory cytokine such as TNF-α may be fundamentally
flawed. A more general inhibition of pro-inflammatory activity may be mandatory.
In this respect, it is remarkable that regular physical exercise can result in a more
general attenuation of the pro-inflammatory state in patients with heart failure.

Physical exercise and inflammation in
heart failure. a therapeutic option?

Numerous studies have demonstrated the beneficial effect of endurance training
in patients with CHF leading to improvement of peak exercise capacity (42).
While submaximal cardiac output remains unchanged, physical training improves
exercise tolerance, associated with decreased peripheral vascular resistance and
reversal of endothelial dysfunction (43, 44). Periodic increase in shear stress of
blood flow and reduction in the activity of catecholamines cause an increase in
the expression of iNOS with enhanced endothelial release of nitric oxide. 

More recently several studies have shown that exercise training in heart fail-
ure is associated with attenuation of the systemic pro-inflammatory state. Physi-
cal training reduces markers of inflammation in patients with heart failure such as
GM-CSF, MCP-1, sICAM, sVCAM (45); TNF-α and TNF receptors (46, 47) and
sFAS (48). In fact, in some of these studies a correlation was found between the
improvement in exercise capacity and the training-induced reduction of plasma
levels of TNF-α or sFAS-ligand in patients with chronic heart failure following a
prolonged training programme (49). The change in circulating cytokines may also
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is elevated in muscle biopsies of patients with CHF (23). Subsequently, excessive
intracellular levels of nitric oxide may inhibit key enzymes of aerobic metabolism
and therefore reduce peak oxygen uptake (24). In animal studies it has been show,
that iNOS inhibitors prevented TNF-α induced muscle wasting (25). Moreover,
TNF-α is thought to be involved in muscle wasting due to excessive activation of
apoptosis. Programmed cell death in peripheral muscles is seen in nearly half of all
patients with CHF, but not in healthy volunteers, leading to reduced exercise
capacity in patients with apoptosis positive biopsies (26). Consequently peak oxy-
gen consumption was inversely correlated with the number of apoptotic nuclei in
skeletal muscle (27). TNF-α can provoke apoptosis in skeletal myotubes (21). The
levels of circulating TNF-α correlated with the number of apoptotic nuclei in
peripheral muscle in an experimental animal model of CHF (28,29).

Notably, muscle weakness can occur without loss of muscle protein in
inflammatory diseases. In this respect it was shown that TNF-α can decrease con-
tractile function in striated muscle (30,31). TNF-α overexpressing mice exert a
profound weakening of diaphragm muscle force generation that was accompanied
by evidence of increased cytosolic oxidative stress. In this mouse model of TNF-
α overexpression, antioxidants prevented much of the force deficit suggesting
that oxidative stress was responsible for contractile dysfunction (32). Inflammato-
ry mediators such as TNF-α can increase the production of reactive nitrogen
species by skeletal muscle fibres elevating intracellular oxidant levels and
decreasing force of contraction (33).

Inflammation as a therapeutic target in CHF

If inflammation is involved in the pathophysiology of heart failure and progression
of the disease, inhibition of increased levels of circulating cytokines and enhanced
tissue expression should be beneficial in heart failure. In fact, some experimental
studies suggested that antibodies against TNF may attenuate or even reverse key
aspects of the failing heart. These observations suggested that the deletrious effects
of inflammation can be prevented by inhibition of cytokine synthesis (inhibition of
transcription and translation), antagonizing circulating cytokines.

Both pentoxyphylline and thalidomide have been used in patients with mod-
erate to advanced CHF with some success in small studies. Both agents affect the
systhesis of inflammatory mediators by blocking their transcriptional activation.
Treated patients improved in symptoms and left ventricular function and impor-
tantly the level of circulating TNF-α decreased significantly (34, 35). The high
plasma levels of TNF-α in CHF patients and the deleterious long term effects on
the myocardium were the basis to use TNF-α antagonists. However, in contrast to
the promising results in small clinical studies, (36), the large multicentre trials
(RENAISSANCE in North America; RECOVER in Europe and Australia) using
TNF-α antagonism by etanercept, a TNF antibody, did not affect morbidity and
mortality in patients with NYHA class II-IV heart failure (37). Similarly, the
ATTACH study (38), which used a chimeric monoclocal IgG1-antibody
(mouse/human) (Infliximab) able to bind membrane bound as well as soluble
TNF-α, was ineffective and resulted in a dose related excess rate of death. It
should be noted that both TNF antibodies used in these studies do have significant
limitations in their effectiveness to block the biological effect of TNF during
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depend on the type of exercise training applied, i.e. significant reduction of TNF
receptor 2 was observed following bicycle training but not after electrical muscle
stimulation (50). Importantly, physical training significantly reduced local
expression of TNFalpha, IL-6, IL1ß and iNOS in skeletal muscle of patients with
chronic heart failure whereas circulating levels of cytokines were not significant-
ly affected in this study(51), suggesting that exercise training in heart failure
reduces skeletal muscle inflammation. However, this avidensed is observational
and does not prove a cause-effect relationship. Nevertheless, these observations
need to be viewed in the context of other findings suggesting that exercise train-
ing in heart failure enhances the antioxidative capacity of skeletal muscle in
patients with heart failure. In this respect, exercise training has been shown to
increase the expression of anti-oxidative enzymes such as SOD and the glu-
tathione system (52). These findings are reminiscent of a large body of evidence
that exercise training in normal individuals increases skeletal muscle antioxidant
capacity which in turn, may improve performance and delay muscle fatigue (53).
In fact, it has been suggested that the health-related effects of physical fitness are,
in part, related by an anti-inflammatory mechanism (54). It is interesting to note
that growth hormone administration in patients with heart failure is associated
with reductions of pro-inflammatory cytokines and soluble Fas ligand and may
improve the clinical performance and exercise capacity in these patients (55).

One may speculate that one of the beneficial effects of exercise training in
heart failure may be to increase the capacity of skeletal muscle to scavenge exer-
cise-induced production of reactive oxygen species (ROS). The inactivation of
exercise-related ROS would decrease ROS levels in skeletal muscle, reduce
inflammation, decrease skeletal muscle catabolism and increase force generation. 
Thus, physical exercise may be able to effectively break the vicious circle of neu-
rohormonal and immuno-inflammatory stimulation of skeletal and respiratory
muscle and so improve exercise capacity and quality of life in patients with CHF.
This mechanism of action may be one potential explanation for the encouraging
results of a collaborative meta-analysis which shows a clear evidence that exer-
cise training in CHF patients is safe and reduces mortality (56). Taken together, it
appears that exercise training represents an effective means in patients with CHF
of modulating the inflammatory state.
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