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Summary Many of the mechanisms leading to skeletal muscle wasting in COPD and heart
failure are common to both conditions. These encompass neurohormonal activation and systemic
inflammation.

The mechanisms leading to muscle dysfunction are both qualitative and quantitative.
Qualitative changes comprise the transition from aerobic metabolism and prevalent slow fibers
composition toward anaerobic metabolism and fast fibers synthesis. Quantitative changes are
mainly linked to muscle loss. These changes occur not only in the major muscles bulks of the body
but also in respiratory muscles.

The mechanisms leading to muscle wastage include cytokine-triggered skeletal muscle
apoptosis and ubiquitin-proteasomeand non-ubiquitin-dependent pathways.

The regulation of fiber type involves the growth hormone/insulin-like growth factor 1/
calcineurin/transcriptional coactivator PGC1 cascade. The imbalance between protein synthesis
and degradation plays an important role. Protein degradation can occur through ubiquitin-
dependent and non-ubiquitin-dependent pathways. Very recently, two systems controlling
ubiquitin-proteasome activation have been described: FOXO-ubiquitin ligase and NFkB ubiquitin
ligase. These are triggered by TNFa and growth hormone/insulin-like growth factor 1.

Moreover, apoptosis, which is triggered by tumor necrosis factor a, plays an important role.
Another mechanism acting on muscle wastage is malnutrition, with an imbalance between
catabolic and anabolic factors toward the catabolic component. Catabolism is also worsened by
the activation of the adrenergic system and alteration of the cortisol/DEHA ratio toward cortisol
production. Sarcomeric protein oxidation and its consequent contractile impairment can be
another cause of skeletal muscle dysfunction in CHF.
� 2011 Elsevier Srl. All rights reserved.
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Introduction

The purpose of this review is to elucidate the mechanisms of
skeletal muscle dysfunction and wasting in chronic diseases
characterized by neurohormonal activation and systemic
inflammation, such as COPD and heart failure (Fig. 1). COPD
is a major cause of death and disability worldwide. Treatment
of COPD improves lung function but is unlikely to slow the
steady downhill course of the disease or reduce mortality. In
COPD, numerous abnormalities can be found outside the
lung. These include systemic inflammation, cachexia, and
skeletal muscle dysfunction. Thus, COPD has been called a
systemic disease. Convincing data have demonstrated that
COPD causes neurohumoral activation. Based on experience
with chronic heart failure and other diseases characterized
by neurohumoral activation, we hypothesize that the nega-
tive consequences of neurohumoral activation, namely
inflammation, cachexia, effects on ventilation, and skeletal
muscle dysfunction, give rise to a self-perpetuating cycle
that contributes to the pathogenesis of COPD and may involve
respiratory muscle dysfunction and systemic inflammation.
This concept may help to further explain the increased
cardiovascular morbidity and mortality in COPD patients
[1—9]. CHF shares many pathophysiological aspects with
COPD, from systemic inflammation to hormonal disorders
and muscle dysfunction and wastage.
Figure 1 Mechanisms of muscle wa
In these conditions, qualitative and quantitative mecha-
nisms lead to muscle dysfunction. Qualitative changes
encompass the transition from aerobic metabolism and
prevalent slow fibers composition toward anaerobic metab-
olism and fast fibers synthesis, whereas quantitative changes
are mainly linked to muscle loss [10—13]. These changes
occur not only in the major muscles bulks of the body but
also in respiratory muscles [14]. The muscle hypothesis of
heart failure also suggests that symptoms such as dyspnea
and fatigue are partially due to skeletal muscle alterations.
Hyperventilation due to an altered ergoreflex seems to
contribute to shortness of breath [15]. Mechanisms leading
to muscle wastage include cytokine-triggered skeletal
muscle apoptosis and ubiquitin-proteasome and non-ubiqui-
tin-dependent pathways. The regulation of fiber type
involves the growth hormone/insulin-like growth factor
1/calcineurin/transcriptional coactivator PGC1 cascade
[16]. The imbalance between protein synthesis and degra-
dation plays an important role. Protein degradation can occur
through ubiquitin-dependent and non-ubiquitin-dependent
pathways. Very recently, two systems controlling ubiquitin-
proteasome activation have been described: FOXO-ubiquitin
ligase and NFkB ubiquitin ligase [13]. These are triggered by
TNFa and growth hormone/ insulin-like growth factor 1
[17,18]. However, apoptosis also plays an important role.
In humans and experimental models of heart failure,
stage in COPD and Heart Failure.
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programmed cell death has been found in skeletal muscle
and interstitial cells. Apoptosis is triggered by tumor necro-
sis factor a, and in-vitro experiments have shown that it can
be induced by its second messenger, sphingosine (SPH).
Apoptosis correlates with the severity of the heart failure
syndrome. It involves activation of caspases 3 and 9 and
mitochondrial cytochrome c release [10,12]. Another
mechanism acting on muscle wastage is malnutrition, with
an imbalance between catabolic and anabolic factors
toward the catabolic component. Catabolism is also wors-
ened by the activation of the adrenergic system and by the
alteration of the cortisol/DEHA ratio toward cortisol pro-
duction. Sarcomeric protein oxidation and its consequent
contractile impairment can be another cause of skeletal
muscle dysfunction in CHF [19].

Qualitative changes in skeletal muscle
(Fig. 2 A-B)

The major changes occurring in the skeletal muscles of
patients and animals with COPD and CHF are consistent with
a shift from slow aerobic fibers to fast fibers. The metabolic
features of slow fibers are as follows: abundance of mito-
chondria and prevalence of slow myosin heavy chains (MHCs),
characterizing anaerobic metabolism.

Myosin heavy chain composition and fiber type
(Fig. 2C)

Skeletal muscle fiber type is determined by the myosin heavy
chain pattern. There are three major myosin heavy chains
(MHCs) that can be separated electrophoretically on the basis
of their relative mobility. MHC1 is the slow anaerobic isoform,
characterized by low ATP consumption and low shortening
speed and defined as fatigue resistant. Type I fibers are
mainly composed of MHC1. MHC2a is the fast oxidative
component and MHC2b is the fast glycolytic. They possess
higher ATP consumption and higher shortening speeds, and
they both are more fatigable because they reach the
anaerobic threshold earlier. Types IIa and IIb are mainly
composed of MHC2a and MHC2b, respectively. In the gastroc-
nemius of patients with CHF, there is a shift from slow to fast
isoforms [11]. The magnitude of this shift correlates with the
indices of CHF syndrome severity, such as the NYHA class,
exercise test tolerance measured in minutes, and diuretic
consumption. This myopathy is generalized and involves the
diaphragmatic muscle [14]. Skeletal muscle composition is in
some way responsible for the reduced exercise capacity in
patients with COPD and CHF. MHC composition correlates
with peak VO2, VT and O2 pulse, with a strong positive
correlation between MHC1 and peak VO2, VT and O2 pulse,
suggesting that a high percentage of glycolytic fibers reduces
exercise capacity because of the early appearance of
anaerobic metabolism.

Muscle atrophy and changes in fiber type
and MHC composition

The origin of this myopathy has been long debated. Atrophy
due to deconditioning has been thought to play a role in the
genesis of this myopathy, but muscle bulk loss due to extreme
inactivity is accompanied by increased expression of MHC1
[13]. The debate on the possible causes of this myopathy is still
open. It has been hypothesized that cytokine activation and
loss of anabolic function, ergometaboloreceptor dysfunction
or changes in blood flow may be of importance [15].

The shift toward fast isomyosins occurs both in fast and
slow muscles (soleus and EDL) and is due to specific increased
activity of mRNA encoding MHC2b rather than specific atro-
phy of type I fibers. Pro-apoptotic caspase-3 significantly
increases, while Bcl-2, which is protective against apoptosis,
drops significantly [21]. Apoptosis (Fig. 3 A-B) is also respon-
sible for the appearance of muscle atrophy in fast muscles, as
demonstrated by the reduced muscle weight/body weight
ratio and fiber cross-sectional area. We also showed [21] that
atrophy is preceded by the shift toward fast isoforms, again
confirming that biochemical changes are independent of
muscle wasting. Apoptosis in the skeletal muscle appears
simultaneously with worsening CHF and occurs parallel with
increased levels of circulating TNF. This cytokine is known to
produce muscle wasting by increasing apoptosis [12] and
activating ubiquitin, thereby triggering the protein-waste
pathway [22]. In CHF, endothelial cells show [20] a very high
degree of apoptosis, which, even in the absence of changes in
skeletal muscle blood flow, could alter myofiber nutrition.
Decreased oxygen delivery through a damaged or even
decreased capillary network can cause relative ischemia,
which muscle could adapt to by increasing the synthesis of
2b anaerobic fibers. When ischemia is more pronounced,
fibers can be irreversibly damaged and undergo apoptosis,
which ultimately leads to muscle loss and atrophy.

Determination of fiber type (Fig. 4)

The synthesis of slow fibers is regulated by calcineurin and
mitogen-activated protein kinase as well as TNFalpha-acti-
vated nuclear factor kappaB [23]. In CHF myopathy, a shift
from slow-oxidative to fast-glycolytic fibers has been de-
scribed by several authors and is a cause of limited exercise
capacity. The transition from slow to fast fibers is controlled
by the FK506-FK506-binding protein complex (cyclosporine
receptor) and calcineurin [24,25]. It is possible that IGF1
overexpression due to growth hormone treatment may pro-
duce a re-shift from fast to slow fibers in heart failure. This
has been demonstrated by Dalla Libera et al. [18] in an animal
model of CHF, and in the future, it may be a therapeutic
target for improving muscle mass and function.

Quantitative muscle changes and
mechanisms controlling fiber growth
and size (Fig. 4)

Growth hormone/insulin-like growth factor 1
resistance

Growth hormone/insulin-like growth factor 1 (IGF1) resis-
tance has been considered to be one of the most important
mechanisms leading to muscle atrophy [26]. IGF1 can stimu-
late skeletal muscle growth by activating phosphoinositide
3-kinase, which in turn phosphorylates serine/threonine



Figure 2 A-B Differences between Fast and Slow fibers detected with metachromatic stain and anti-myosin antibodies. Bottom panel
shows the electrophoretical separation of fast (MHC2a and MHC2b) and slow isoforms (MHC1). A control subject, B patient with shift
toward slow myosins. 2C Distribution of muscle fibres type in COPD patients according to disease severity.
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kinase AKT, a powerful activator of the mammalian target of
rapamycin (mTOR) that stimulates protein synthesis. Phos-
phorylated AKT inhibits the activity of FOXO, a member of
the forkhead receptor superfamily and a transcription factor
that activates the expression of atrogin-1 (ubiquitin ligase)
and atrogenes and leads to protein degradation. When
cachexia develops, FOXO is activated with atrogin-1 and
atrogenes, and protein degradation occurs [24,27,28,30].
The overexpression of IGF1 and the administration of growth
hormone can prevent muscle atrophy, which according to



Figure 3 A-B Skeletal muscle fibers undergoing apoptosis.
TUNEL positivity is seen in panel A. Panel B shows presence of
apoptosis both in ‘‘fast’’ and ‘‘slow’’ fibers (double staining for
laminin and antibodies against MHC1).
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the present observations can be ascribed to the inhibition
of FOXO and activation of mTOR [29,30]. Growth hormone
administration can prevent muscle atrophy by blocking the
activated caspase system and consequent apoptotic
nuclear death [18]. This confirms the broad overlap ex-
isting between pathways such as apoptosis and protein
wastage. Growth hormone/IGF1 axis stimulation also leads
to the activation of transcriptional mechanisms that can
induce the qualitative changes in skeletal muscle fiber
composition described above. IGF1 leads to calcineurin
expression, which in turn regulates the intracellular
expression of peroxisome proliferator-activated recep-
tor-coactivator PGC1a [31]. This can activate mitochon-
drial biogenesis and oxidative metabolism and is the
principal factor regulating muscle fiber type [24,25]. Cal-
cineurin in skeletal muscle co-regulates the contractile
and metabolic components of the slow-muscle phenotype
and promotes transcription and muscle remodeling. This is
achieved by the activation of PGC1a, a nuclear factor of
activated T cells and nuclear respiratory factors 1 and 2.
Cyclosporin A and FK506 can block this pathway. PGC1a
provides a plausible molecular basis for the connection
between environmental-hormonal stimulation (catecholami-
nes and cytokines) and mitochondrial biogenesis. The FOXO
system is controlled by extracellular stimuli, such as contrac-
tion, insulin, angiotensin II, pressure and volume overload.

Muscle Wasting

The mechanisms leading to muscle wasting are complex and
not univocal. They comprise apoptosis, an imbalance
between protein synthesis and degradation, exaggerated
protein degradation, and catabolic-anabolic imbalance.

Apoptosis (Fig. 3 A-B)
It is clear that body weight loss is mainly due to loss in lean
mass. However, how this outcome is reached is complicated
and unclear. Moreover, there are several mechanisms
involved in muscle wasting.

The role played by hormones and the catabolic-anabolic
imbalance has been described. There are many other factors
that can cause muscle wasting, such as decreased caloric
intake, altered gut absorption, and reduced peripheral flow,
but pro-inflammatory cytokines play a key role in muscle
atrophy development. Muscle atrophy can be detected by a
computerized tomography scan, dual energy X-ray absorp-
tiometry, and measurements of fiber cross-sectional areas
on skeletal muscle biopsies. The severity of CHF and exercise
capacity is measured as the maximal O2 consumption, which
correlates with the degree of muscle atrophy [32]. The
number of apoptotic nuclei correlates with the degree of
muscle atrophy and the circulating levels of TNFa and its
second messenger, SHP [10,12,21]. In vitro experiments
have demonstrated that SPH can induce apoptosis in a
dose-dependent fashion in cultured myotubes [10]. We have
therefore postulated that apoptosis can play a role in deter-
mining muscle atrophy. When apoptosis occurs in multinu-
cleated skeletal muscle fibers with compartmentalized
metabolism they develop atrophy rather than cell death
because they lose only a part of themselves Ubiquitin levels
are often increased in cachexia (Fig. 5), also suggesting that
TNFa can also determine atrophy via TNFa-ubiquitin depen-
dent protein wastage [22,34,35]. We do not know whether
TNFa can induce apoptosis directly on skeletal muscle. We
tend to hypothesize that TNFa acts through its second
messenger, SPH. TNFa, via the TNFR1 receptor located on
the heart myocytes, activates FAN (factor activating neutral
sphingomyelinase) and subsequently sphingomyelinase,
which mediates the production of ceramide and SPH
[33,34]. These sphingolipids are released into the blood
stream and can induce skeletal muscle apoptosis.

At the muscle level, TUNEL positivity, which is a feature of
nuclear strand breaks, is accompanied by caspase 3 and 9
activation, decreased levels of Bcl2 and increased levels of
Bax [13]. Cytochrome C is increased in the cytosol of apop-
totic cells, confirming that the mitochondrial pathway of
apoptosis is activated.

Another mechanism that can lead to muscle apoptosis and
muscle wasting is the activation of oxidative stress with
production of iNOS [36]. There are also recent observations
that nitric oxide can be generated by the interaction of
sphingolipids at a transcriptional level with the involvement
of NFkB [37].



Figure 4 Common Signaling pathways in the regulation of fiber type and size in different pathological situations.
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Catabolic-anabolic imbalance
There are several lines of evidence that metabolism in COPD
and CHF is altered. An activation of catabolic pathways,
together with a decreased anabolic capacity, has been
reported. Plasma levels of catabolic hormones (cortisol,
catecholamines, and angiotensin II) are increased in these
conditions, whereas levels of anabolic hormone (dehydroan-
drosterone) are decreased. This is accompanied by the
development of resistance towards growth hormone and
insulin. Indices of catabolic-anabolic imbalance, such as
the cortisol/dehydroandrosterone ratio, correlate with
the prognosis of the disease and the degree of muscle
wastage [38].
Figure 5 Myosin Ubiquitinization in Skeletal Muscle of rats
with Heart Failure and muscle wastage.
Neurohumoral activation in COPD
Dyspnea, respiratory motor drive, and autonomic control are
anatomically and functionally coupled tightly in the brain-
stem. Specifically, the perception of respiratory discomfort is
represented in the sensorimotor integration area of the
limbic system that governs autonomic control [39], and
the central respiratory motor drive is linked with central
sympathetic outflow in the brainstem [40]. These central
interactions indicate that dyspnea and increased respiratory
drive in COPD may be pathophysiologically linked to height-
ened sympathetic activation, although the complexity of
these interactions within the CNS makes it difficult to clearly
distinguish cause and effect.

Furthermore, COPD is associated with several homeostatic
disturbances that may directly trigger sympathetic activa-
tion. Of those mechanisms likely to contribute to neurohu-
moral activation in COPD, hypoxemia and ergoreflexes
are among the most important. Use of b-agonist medica-
tions, obesity, and tobacco smoking might also contribute
in individual patients.

Hypoxemia and hypercapnia
Chronic hypoxia has long been known to trigger a hyper-
adrenergic state (for review, see Hansen and Sander [41].
Acute exposure to hypoxia also increases microneurographic
measures of sympathetic activity [42]. Studies in healthy
subjects showed that following hypoxia, sympathetic acti-
vation is significant and long lasting and compensates to
oppose the hypoxic vasodilator mechanism. In COPD [38],



Figure 6 Oxyblot analysis showing peroxidation of myofibrillar proteins in skeletal muscle of patients during development of muscle
wastage. Blue dots represent oxydated proteins.
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there is evidence of sympathetic activation even in normoxic
patients [9], and daytime blood gases do not correlate with
sympathetic activation [43,44]. However, it is possible that
nocturnal hypoxemia might contribute to daytime sympa-
thetic activation, as is thought to be the case in patients with
obstructive sleep apnea [44]. Although acute hypercapnia
also elicits sympathetic activation, there are no data pointing
to a role of chronic hypercapnia in any heightened sympa-
thetic drive in COPD [42].

As a striated muscle, the diaphragm is crucial for
breathing. Any negative effect on the contractile properties
of the diaphragm, which is already at a mechanical disad-
vantage in COPD, is detrimental for ventilation and poten-
tially for gas exchange. The effects of sympathetic activation
on the diaphragm or accessory respiratory muscles have not
been specifically addressed in previous studies. However, it is
reasonable to speculate that the negative effects of sympa-
thetic activation on skeletal muscle function also apply to the
diaphragm and accessory respiratory muscles.

Protein wasting
There are at least two pathways by which muscle proteins can
be degraded.

Ubiquitin-dependent protein wasting
Ubiquitin-dependent wastage involves protein ubiquitiniza-
tion (Fig. 5) and requires activation of the ubiquitin-protea-
some system. The process is very similar to that described for
cancer cachexia [22]. We have recently demonstrated that
fiber atrophy is accompanied by myosin ubiquitinization in a
monocrotaline model of right heart failure. Myosin, once
bound to ubiquitin (Fig. 4), is taken into the proteasome
and degraded. It is therefore clear that this mechanism
contributes to the loss of myofibrils and further depresses
muscle contractile efficiency. The previously mentioned
IGF1/Akt/FOXO-induced system, which leads to the activa-
tion of atrogin-1 (ubiquitin ligase) [24,25], and NF-kB,
induced ubiquitin ligase, are two other ubiquitin-dependent
protein-wasting pathways.
This latter pathway is mediated by NF-kB activation via a
TNFa-. NF-kB induces
MuRF1 transcription and the generation of E3 ubiquitin
ligases. Locally acting IGF1 inhibits ubiquitin-mediated
muscle atrophy in chronic left-ventricular dysfunction, and
this is due to blockage of FOXO expression and ubiquitin ligase
(atrogin-1; muscle atrophy F-box protein, MAFbx) [22,23].

Ubiquitin-independent protein wasting
There are three systems involved in ubiquitin-dependent
protein wastage: the lysosomal, calpain and caspase systems.
The first two are not TNFa-related, whereas the last one is
TNFa-related [41].

Sarcomeric protein oxidation (Fig. 6)

In addition to the changes described above, there are some
other factors that contribute to muscle dysfunction, such
as contractile protein oxidation. We have previously shown
that muscles with higher levels of oxidation have a de-
pressed peak force generation and slower contraction and
relaxation times [19]. I-NOS production and oxidative
stress are sufficient to activate NF-kB, a transcription
factor for proinflammatory cytokine gene expression that
contributes to peripheral muscle damage [37]. In CHF, the
presence of oxidized sarcomeric proteins (myosin heavy
chain, actin and tropomyosin) positive for oxyblot staining
produces a contraction impairment in the whole muscle.
Protein oxidation in the skeletal muscle is related to the
high oxidative stress, iNOS production and free radical
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formation. Contractile protein oxidation can interfere with
contraction and make contraction inefficient [19,36].

Implications and future trends

This new knowledge of the pathophysiological mechanisms
will certainly produce new treatments leading to the im-
provement of muscle mass, strength and performance. We
know that chronic treatment of heart failure and COPD with
approved drugs can produce favorable effects on skeletal
muscle.

Angiotensin-converting enzyme (ACE) inhibitors, which
are known to reduce morbidity, mortality, hospital admis-
sions, and decline in physical function and exercise capacity
in congestive heart failure (CHF) patients, have been postu-
lated to have positive effects on skeletal muscle trophic state
and function. These may be mediated by direct mechanical,
metabolic, anti-inflammatory, nutritional, neurological and
angiogenetic action. This has been shown in hypertensive
subjects with or without CHF [45].

We have shown that treatment with enalapril and losar-
tan in patients with CHF can restore MHC patterns and
improve muscle performance [21]. Beta-blockers, which
are very effective in improving the prognosis and quality
of life in CHF patients, can prevent skeletal muscle con-
tractile protein peroxidation [19,46]. Carnitine has been
shown to produce improvements in skeletal muscle contrac-
tile protein composition and reduce inflammation, apoptosis
and atrophy in experimental models of heart failure [47].
Similarly, stimulation of the GH-IGF-1 axis can cause similar
effects in animals [48]. Nutritional intervention may have
the potential to obtain substantial improvements in muscle
bulk.

Our task for the future will be to determine whether
pharmacological and nutritional interventions, together with
exercise training, especially in the early stages of the chronic
disease, are able to prevent the development of muscle
wasting in randomized controlled trials and observational
studies.

Conclusions and limitations of this review

Although this was not the aim of the present review, it is
important to fit all of the pathophysiological mechanisms
reported above within the general concept of sarcopenia and
cachexia occurring in chronic wasting diseases. All of these
concepts have been recently reviewed by Muscaritoli et al.
[49] in a consensus paper. In this joint document, the rela-
tionship between malnutrition, anorexia, and cachexia
leading to sarcopenia and their link with chronic diseases,
such as COPD and CHF, have been described.

In this paper, we concentrated on muscle wasting, which is
the common denominator between cachexia and sarcopenia
processes. We focused not only on quantitative changes
leading to muscle mass bulk loss but also on the qualitative
molecular changes responsible for muscle dysfunction.
Qualitative changes are, in our opinion, not completely
described by the term sarcopenia, which in its etymology
describes loss of muscle mass rather than loss of function.
Qualitative and quantitative changes are intimately con-
nected, and it may be possible to envisage interventions
at the molecular level targeted to stimulate cell growth,
ameliorate altered metabolism and prevent or block wasting
in the near future
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