J Muscle Res Cell Motil (2007) 28:355-362
DOI 10.1007/s10974-008-9128-y

REVIEW PAPER

Specific correlations between muscle oxidative stress
and chronic fatigue syndrome: a working hypothesis

Stefania Fulle - Tiziana Pietrangelo -
Rosa Mancinelli - Raoul Saggini - Giorgio Fano

Received: 3 December 2007 / Accepted: 30 January 2008 / Published online: 15 February 2008

© Springer Science+Business Media B.V. 2008

Abstract Chronic fatigue syndrome (CFS) is a relatively
common disorder defined as a status of severe persistent
disabling fatigue and subjective unwellness. While the
biological basis of the pathology of this disease has
recently been confirmed, its pathophysiology remains to be
elucidated. Moreover, since the causes of CFS have not
been identified, treatment programs are directed at symp-
tom relief, with the ultimate goal of the patient regaining
some level of pre-existing function and well-being. Several
studies have examined whether CFS is associated with: (i)
arange of infectious agents and or immune disturbance; (ii)
specific changes of activity in the central or peripheral
nervous systems; and (iii) elevated stress periods, which
may be associated with the pathology via genetic mecha-
nisms. The role of oxidative stress in CFS is an emerging
focus of research due to evidence of its association with
some pathological features of this syndrome. New data
collectively support the presence of specific critical points
in the muscle that are affected by free radicals and in view
of these considerations, the possible role of skeletal muscle
oxidative imbalance in the genesis of CFS is discussed.
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The definition of chronic fatigue syndrome.

A status of severe persistent disabling fatigue and subjective
unwellness is termed chronic fatigue syndrome (CES). CFS
is a relatively common disorder that affects more than 500
women and 250 men from all age groups (including chil-
dren) per 100,000 individuals (Jason et al. 1999). CFS
affects individuals differently, as for all diseases, and not
everybody reaches the severe end of the spectrum.

Clinical CFS is characterized by incapacitating fatigue
of at least 6 months duration, usually with an abrupt onset
accompanied by an infectious-like illness. CFS can affect
virtually every major system in the body, as evident from
reports on related neurological, immunological, hormonal,
gastro-intestinal, musculoskeletal, and psychological
problems (Wyller 2007).

Many patients with CFS are unable to work, and dras-
tically reduce their social activities. Symptoms are often
severely debilitating, and may last for several months or
years. Individuals with CFS perform a lower level of
activity than they were originally capable of before the
onset of the illness. Importantly, any active medical con-
dition that explains the presence of these symptoms may
preclude the diagnosis of CFS (Fukuda et al. 1994; Reeves
et al. 2003). Today, the pathogenesis of CFS remains to be
conclusively delineated, and no specific diagnostic tests
with adequate sensitivity and specificity are currently
available Even if recent studies indicate that Vis-NIR
spectroscopy for sera combined with chemometrics anal-
ysis may provide a promising tool for the objective
diagnosis of CFS (Sakudo et al. 2006)

@ Springer



356

J Muscle Res Cell Motil (2007) 28:355-362

Therefore, this syndrome can currently be diagnosed
only with the most widely used criteria established in 1994
by the Center for Disease Control and Prevention (Fukuda
et al. 1994) and revised in 2003 by the International
chronic fatigue syndrome study group (Reeves et al. 2003)
(Fig. 1) while there are no comprehensive reports on
mortality among patients with chronic fatigue and CFS,
several sources suggest that CFS is associated with an
elevated risk of heart failure and suicide (Smith et al.
20006).

CEFS is a disease of physical origin

While some researchers consider CES a psychological
rather than physical illness (Sakudo et al. 2006), several
studies suggest an organic origin of the disease. Elevated
bioactive transforming growth factor-beta levels are
observed in sera from patients with chronic fatigue (Ben-
nett et al. 1997), and many CFS patients have atypical
circulating lymphocytes and immune complexes (Bates
et al. 1995), and increased concentrations of C-reactive
protein and -2 microglobulin (Buchwald et al. 1997). The
presence of other immunologically significant factors,

(Linde et al. 1992; Hanson et al. 2001) strongly implies
significant immune impairment in CFS patients. Moreover,
specific neurological changes are evident, including white
matter lesions in the CNS (Lange et al. 1999), cerebral
hypoperfusion, and significant reduction in global gray
matter volume, compared to matched controls (de Lange
et al. 2005). Other findings supporting CNS involvement
include vestibular dysfunction and gait abnormalities
(Saggini et al. 1998).

Central activation is diminished in CFS patients, pre-
senting a possible cause of physiologically defined
changes, such as variations in corticospinal excitability and
neurotransmitter concentrations (Schillings et al. 2004).
Consistent with this finding, the brain activity of CFS
patients is altered during voluntary motor actions (iso-
metric handgrip contractions at 50% maximal voluntary
contraction level), compared to healthy individuals, par-
ticularly when motor activities induce fatigue (Siemionov
et al. 2004). The most striking symptoms include debili-
tating fatigue, muscle pain, and muscle weakness,
indicative of neuromuscular dysfunction. Serum acylcar-
nitine deficiency in CFS patients (Kuratsune et al. 1994)
may induce a decrease in oxidative metabolism (Wong
et al. 1992) and higher levels of plasma lactate. Moreover,

Fig. 1 Clinical definition of the
chronic fatigue syndrome by
theinternational CFS study
group

31;3(1):25.

I Clinically evaluated, unexplained persistent or relapsing chronic fatigue that:
o Isof new or definite onset (has not been lifelong).
e Isnot the result of ongoing exertion
o Is not substantially alleviated by rest
e Results in substantial reduction in previous levels of occupational,
educational, social, or personal activirties.

II. The concurrent occurrence of four or more of the following symptoms, all of which
must have persisted or recurred during six or more consecutive months of illness

International CFS Study Group

and must not have predated the fatigue:

e Self-reported impairment in short-term memory or concentration severe
enough to cause substantial reduction n previous levels of occupational,
educational, social, or personal activities

e Sore throat

Tender cervical or axillary lynph nodes

Muscle pain

Multi-joint pain without joint swelling or redness
Headaches of a new type, pattern, or severity
Unfreshing sleep

Postexertional malaise lasting more than 24 hours.

2003 from International Chronic Fatigue Syndrome Study Group

1. Reeves WC, Lloyd A, Vernon SD, Klimas N, Jason LA, Bleijenberg G, Evengard B, White
PD, Nisenbaum R, Unger ER; International Chronic Fatigue Syndrome Study Group.
Identification of ambiguities in the 1994 chronic fatigue syndrome research case
definition and recommendations for resolution. BMC Health Serv Res. 2003 Dec
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serum creatine kinase levels are sometimes mildly
increased (Archard et al. 1988). These metabolic defects
may contribute to the reduced physical endurance of CFS
patients. During dynamic exercise, individuals with CFS
display similar skeletal muscle metabolic patterns to con-
trol subjects, but reach exhaustion (in the presence of
reduced sarcoplasmic ATP concentrations) much more
rapidly. The data imply defects in oxidative metabolism,
with resultant acceleration of glycolysis in working skeletal
muscles. McCully and colleagues (McCully et al. 1996)
drew a similar conclusion in a *'P magnetic resonance
spectroscopy study aimed at determining whether CSF is
characterized by abnormalities in oxidative muscle
metabolism. However, the decrease in the oxidative
capacity of muscle fibers of CFS subjects is possibly the
consequence, at least in part, of reduced oxygen delivery.
This theory is supported by the abnormal autonomic con-
trol of blood flow in patients. In fact, reaching the age-
predicted target heart rate is a limiting factor in achieving
maximal effort, possibly due to autonomic disturbances
(De Becker et al. 2000). CFS muscles exhibit non-specific
histological abnormalities (Edwards et al. 1993), and
occasionally, alterations in muscle fiber type proportions
and sizes (Lanea et al. 1998).

In conclusion, while it is difficult to distinguish between
the initial factors that trigger CFS and other pathogenic
factors maintaining it, there is significant evidence that the
disease is correlated with several modifications in different
tissues and organs.

The pathophysiology of CFS remains to be clarified, and
the current lack of a biologically plausible mechanism of
pathology mediation impedes the development of effective
medical strategies. Several etiopathogenic hypotheses have
been proposed, beginning from 1988 when Holmes et al.
(1988) initially described this syndrome. CFS is unlikely to
be due to persisting infection, although a number of
infectious agents are associated with the condition. In fact,
CFS is also referred to as Chronic Fatigue and Immune
Dysfunction Syndrome (CFIDS) (Gerrity et al. 2004) or
Chronic Epstein-Barr Virus (CEBV) (Katz 2002). Cox-
sackie, rubella and varicella viruses are sporadically
implicated in some well-documented cases of CFS (Koelle
et al. 2002). However, no one specific virus appears to be
associated with this syndrome, and therefore, it is possible
that CFS is triggered by a number of distinct viruses. In
other cases, bacterial or parasitic infections appear to
trigger the fatigue response, leading to the overall theory of
post-infectious fatigue syndrome (Nicolson et al. 2003).
Enteroviruses are well-known causes of acute respiratory
and gastrointestinal infections with tropism for the central
nervous system, muscles, and heart. In vitro experiments
and animal models clearly establish a state of chronic
persistence through the formation of double-stranded RNA,

analogous to findings from muscle biopsies of patients with
CFS. This evidence supports a plausible role for enterovi-
ruses in the etiology of pathology (Chia 2005). An immune
disturbance of some type mediated through the central,
autonomic and/or peripheral nervous systems is suggested,
in keeping with reports of excessive cytokine release (Quan
and Herkenham 2002). Additionally, there is an indication
of reduced perforin levels within the cytotoxic T cells of
CFS subjects, suggesting a T cell-associated cytotoxic
deficit in CFS. Since perforin is involved in homeostasis of
the immune system, its deficiency is an important factor in
CFS pathogenesis (Maher et al. 2005). However, the
present data indicate that individuals with CFS display
immune response changes that fall outside the normative
ranges. There is currently no definitive evidence on whe-
ther these immune abnormalities are a cause or result of the
illness.

More recently, a genetic component in the development
of CFS was proposed. A number of studies demonstrate a
possible association between human leukocyte antigen
(HLA) class II and chronic fatigue immune dysfunction.
Smith et al. (2005) reported that CFS is possibly associated
with the HLA-DQAI1 gene, although a role for other class
II alleles in linkage immune disequilibrium cannot be
excluded. To identify the gene markers of CFS-associated
post-exertional fatigue, Whistler and colleagues measured
the peripheral blood gene expression profiles of women
with CFS and matched controls before and after exercise
challenge. The expression of exercise-responsive genes
differed between CFS patients and controls, particularly
those implicated in chromatin and nucleosome assembly,
cytoplasmic vesicles, membrane transport, ion transport,
ion channel activity, and G protein-coupled receptor
ontology (Whistler et al. 2005). Notably, last year, the U.S.
Centers for Disease Control and Prevention in Atlanta,
Georgia announced in an editorial in Science (Kaiser
2006), that “CFS is a pathology having a biological and,
probably, genetic basis. These claims have attracted
widespread media attention. However, like most aspects of
CFS, the study and its findings remain controversial. Some
scientists believe that the agency is overstating the case for
a link between the syndrome and genetic mutations. While
the expression patterns of several genes in the peripheral
blood of patients with CFS have been established using
polymerase chain reaction (PCR), the precise genes and
metabolic pathways involved remain to be determined. It is
important to ensure that a gene identified is specific for
CFS, and does not occur in other diseases and infections”.
Details of these studies are available in Pharmacogenomics
(Vol 7 2006).

Clearly, CFS cannot be understood on the basis of single
measurements of genetic, immune, endocrine, cardiovas-
cular, or autonomic nervous system dysfunction (Prins
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et al. 2006). It remains a debilitating disease of uncertain
etiology that is characterized by unexplained severe fatigue
associated with a number of typical symptoms. A novel
multifactorial model for the etiology of the disease, which
includes aspects other than those analyzed, is required.

The role of oxidative stress in CFS

Oxidative stress is an emerging focus of research, in view
of recent findings that it contributes to the pathology and
clinical symptoms of CES (Fulle et al. 2000; Steinberg
et al. 2005; Fulle et al. 2003; Pall and Satterlee 2001).

Theoretically, oxidative stress is caused by an increase
in the generation of reactive oxygen species (ROS), of
which mitochondrial dysfunction is believed to be a main
source. On the other hand, the condition may be induced by
a decline in the efficiency of antioxidant enzyme systems.
In most situations, both of these circumstances are involved
(Sen 2001). Various studies have examined both possibil-
ities (mainly the first) by attempting to identify markers of
oxidative stress and protective antioxidant systems in vitro
[36, 41] and in vivo (Steinberg et al. 2005; Vecchiet et al.
1996). In particular, experiments designed to measure
malondialdehyde, methemoglobin, mean erythrocyte vol-
ume, and 2,3-diphosphoglycerate in sera of 33 patients
diagnosed with CFS revealed an increase in all these
parameters, relative to 27 age and sex-matched controls.
Interesting data were obtained from the analysis of lipid
peroxidation status in the plasma of CFS patients, an
appropriate target to establish the damage induced by ROS
accumulation. Keenoy and colleagues showed that patients
with this pathology have increased LDL and VLDL sus-
ceptibility to copper-induced peroxidation, which is related
to both lower levels of serum transferrin and other
unidentified pro-oxidizing effects of CFS (Manuel y Kee-
noy et al. 2001). Recently, Kennedy et al. (2005) published
results obtained from a large number of CFS patients
divided into two groups those previously identified with
cardiovascular risk factors and those that were not). Both
groups displayed significantly increased levels of isopros-
tanes and oxidized low-density lipoproteins, indicative of
lipid peroxidation induced by ROS accumulation. More-
over, CFS symptoms correlated with isoprostane levels in
patients with low cardiovascular risk. This is the first report
on elevated levels of the gold-standard measure of in vivo
oxidative stress and its association with CFS symptoms.

Protein carbonyl levels, a measure of protein oxidation,
were significantly enhanced in the sera of CFS patients,
compared to controls (Smirnova and Pall 2003). In con-
clusion, the elevated protein carbonyl levels, alteration of
lipidic peroxidation status in sera of CFS subjects, and the
general absence of conflicting data support earlier reports
that oxidative stress is associated with this syndrome.
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Oxidative damage in muscle

Muscle weakness and pain are the primary symptoms of
CFS, suggesting that muscle is the major target of eventual
oxidative stress status (Fig. 2). In fact, the sarcolemmal and
sarcoplasmic membranes clearly present signs of oxidative
damage caused by an increase in the generation of ROS
without the possibility that the antioxidant enzyme system
counteracts this event (Fulle et al. 2000; Steinberg et al.
2005; Fulle et al. 2003). The mitochondrial respiratory
chain is the major site of ROS production in muscle cells.
Electrons produced by the metabolism of glucose and fatty
acids flow through the electron transport chain, leading to
ATP generation. Mitochondrial muscle dysfunction may be
implicated in the genesis of CFS pathology. In the early
1990s, Kuratsune et al. (Kuratsune et al. 1994) showed that
the low acylcarnitine content in the serum of CES patients
is related to reduced energy production by muscle mito-
chondria. Pall (2000), followed by several other authors
(Nijs et al. 2005), proposed that elevated peroxynitrite in
CFS muscles induces mitochondrial dysfunction directly
and/or positive feedback derived from increased cytokine
levels.

Augmented cytokine levels trigger the production of
new nitric oxide (NO), which combines with the anion
superoxide, forming the more potent oxidant, peroxynitrite,
which induces mitochondrial dysfunction in CFS muscles.
In this case, an inverse correlation is possible between
increased NO levels in the sarcoplasm derived from ex
novo NO formation by nitric oxide synthase (NOS) stim-
ulation and work produced in muscle of CFS patients.
In vitro experiments performed in the presence of 95%
pO2 indicate that NOS inhibition and the consequent

Oxidative damage sites
e
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L|p|d . Oxidation of thlgls  DNA damage |
peroxidation f=—------------ >| carbonyl formation
Damage to Ca?+ and
other ion trasport Altered gene
system axpression
Membrane . 1 ‘ }
damage  Instability to maintain : | Depletion of ATP
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i various enzyme systems

|

Cell injury

Fig. 2 Sites of cell damage induced by ROS as a consequence of
oxidative stress. The dashed lines indicate the presence of cell
damage in CFS muscles
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decrease in NO intracellular levels positively regulates
muscle contractility (Eu et al. 2003). However, this last
observation is inconsistent with the general opinion that
neoformation of NO is induced during skeletal muscle
activity. This finding may indicates a positive trend in the
force generation mechanism in both slow- and fast-twitch
mammalian skeletal muscles (Murrant and Barclay 1995).
The results are consistent with the positive action of other
reactive oxygen intermediates on excitation-contraction (E-
C) coupling in unfatigued skeletal muscle. Interestingly,
when amphibian skeletal muscles were stimulated in vitro
in the presence of NO donors and unsaturated pO,, which
slow frequency rate (2 Hz), praecox onset of fatigue
occurred, but only after a transitory increase in the first
twitch tensions, due to an increase in Ca®* release from the
sarcoplasmic reticulum (Belia et al. 1998). This result was
confirmed by Eu et al. (2003). The group demonstrated
significant enhancement of muscle performance at low
physiological pO, (1%) and inhibition at higher physio-
logical pO, (20%), which directly influenced nNOS
activity.

A number of investigators have focused on whether CFS
is associated with defective oxidative metabolism of the
skeletal muscle. It is difficult to establish this issue because
of conflicting results and accounts of differences in meth-
ods and patient populations. A number of reports show
lowering of maximal oxygen consumption and/or delivery
(McCully et al. 1996), and/or abnormality in the muscle
metabolism (Belia et al. 1998; McCully et al. 2004),
whereas others do not (Gibson et al. 1993). An additional
possibility is that abnormal function of the autonomic
nervous system leads to reduced blood flow to active
muscles, resulting in decreased O, delivery and/or utili-
zation by muscle, which, in turn suppresses mitochondrial
capacity and exercise performance (Sargent et al 2002).

In conclusion, despite numerous doubts regarding the
presence of ultrastructural mitochondrial abnormalities in
CFS patients (Plioplys and Plioplys 1995), several lines of
evidence suggest that aspects of mitochondrial alterations
determined in these muscles (Vecchiet et al. 1996) are not
related to a deficit in energy production. However in
skeletal muscle, a contractile deficit or modification on
fatigue onset may derive from energetic deficit due to
mitochondrial activity, in addition to several other factors,
some of which are present in the same muscle.

Our group previously demonstrated specific oxidative
alterations in the vastus lateralis muscle of CFS patients,
both as an increased value of oxidative damage markers
(80OH-dG, MDA) and membrane fluidity and an imbalance
in the oxidant-antioxidant system (Fulle et al. 2003).
These findings are in agreement with the hypothesis that
impairment of mitochondrial activity underlies an increase
in the production of ROS that leads to muscle fatigue,

similar to normal ageing (Mecocci et al. 1999). This theory
is supported by CFS-associated muscle magnesium defi-
ciency, a possible further cause of oxidative stress (Manuel
y Keenoy et al. 2000).

Perspectives

The available data imply an imbalance in the redox status
in some CFS muscle species. If this interferes with the
contractile mechanism of skeletal muscle, at least three
different levels of structure/function modifications may be
related to the persistent presence of ROS:

— E-C coupling (Sarcoplasmic reticulum)
— Force production (Fibers and filaments)
— Repair mechanism (Satellite cells).

The release of Ca®* from sarcoplasmic reticulum cisternae
mediated by ryanodine receptor (RyR) Ca®* release
channels is essential for muscle contraction. RyR channels
in skeletal muscle are regulated by membrane potential,
and do not require Ca** entry. Instead, Ca®* release is
necessary to trigger cardiac muscle contraction. Endoge-
nous redox molecules formed by several mechanisms that
induce S-nitrosylation or S-glutathionylation of several
RyR cysteines can alter receptor function (Hidalgo et al.
2005). The modifications may include both activation and
inhibition, and are dependent on the concentration of
sulfhydryl-modifying compounds present in the muscle,
period of exposure to these agents, and the nature of the
chemical reaction with sulfhydryl groups (Pessah et al.
2002). In particular, in skeletal muscle, the oxidation status
of RyR1 channel thiols (the RyR isoform mainly active in
this tissue) is directly correlated to the functional status of
the channel. In fact, oxidation of ca. 10 of these thiols had
little effect on channel activity, whereas more extensive
oxidation (resulting in 13 free thiols remaining per subunit)
irreversibly inactivated the channel, reducing the opening
status (Sun et al. 2001). In vitro studies performed with
CFS muscle sarcoplasmic membranes indicate a dimin-
ished capacity of RyR-channels derived from pathological
muscles to be maintained in the open status. This finding
was confirmed in experiments in which caffeine (an
alkaloid that stimulates the opening of SR Ca”* channels)
was unable to activate full load Ca** release from RyR
(Fulle et al. 2003).

Compared to healthy sedentary people, CFS patients
display significantly decreased exercise capacity, similar to
that recorded in an aged population (CFS = old muscle in
young body). Ageing is a complex process usually asso-
ciated with a decrease in mass, strength, and velocity of
contraction (sarcopenia) in muscle. This process is the
result of several cellular changes, such as reduction in the
number of motor units, modification of the fiber type
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composition, decreased synthesis of myofibrillar compo-
nents, atrophy due to disuse, and accumulation of
connective tissue. Sarcopenia is possibly triggered by ROS
that have accumulated throughout an individual’s lifetime.

Initial in vivo data on the contractile properties of
muscles of CFS patients revealed no consistent correlations
between symptoms and changes in fiber type prevalence,
fiber size, degenerative or regenerative features. Moreover,
the contractile properties of quadriceps (maximal isometric
force, force generation pathway, and relaxation rate)
examined using symptom-limited incremental exercise
tests, were not significantly altered, relative to normal
controls (Edwards et al. 1993). Data from other experi-
ments performed on quadriceps needle muscle biopsies in a
larger CFS patient population (n = 105) are partially
inconsistent with this conclusion (Lane et al. 1998). The
authors cross-examined the proportions of type 1 and type
2 muscle fibers and the degree of muscle fiber atrophy in
patients with chronic fatigue syndrome to determine to the
extent of abnormalities due to inactivity (inactivity is
expected to result in a shift to type 2 fiber predominance
and fiber atrophy). No changes were evident, even when
patients with abnormal lactate responses to exercise had a
significantly lower proportion of mitochondria-rich type 1
muscle fibers. Unfortunately, no results clarifying the
mechanisms of force production from muscle biopsies of
CFS patients are available. Due to the lack of direct
mechanical measurements in single fiber experiments,
damage of filaments involved in the contraction mecha-
nism induced by free radical accumulation is yet to be
established.

During adult life, skeletal muscle fibers undergo drastic
structural and functional modifications, and as a conse-
quence, skeletal muscles activate a repair mechanism,
based on the recruitment of satellite cells when required.
These cells are usually committed to myogenic phenotype,
and are in a quiescent state between the basal lamina and
plasma membrane of myofibers. Satellite cells responsible
for pre- and postnatal muscle growth are capable of both
proliferation and differentiation, in order to repair skeletal
muscle fibers following injury or other such stimuli
(Zammit et al. 2002). Our recent observations show that
the damage induced by ROS generation and accumulation
during muscle life also affects quiescent satellite cells,
which spend their life in close anatomic and functional
contact with adult fibers. This status, which is derived from
a decrease in the antioxidative capacity of these cells
during ageing, may negatively affect the ability of ageing
satellite cells to effect muscle repair (Fulle et al. 2005).
Apart from an already cited paper published more than
10 years ago (Edwards et al. 1993) that discloses no
alterations in the muscle regenerative ability in CFS
patients, no data are available, and overall, no experiments
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Fig. 3 Schematic representation of possible cellular targets of ROS
accumulation in skeletal muscles of CFS patients

have been performed on satellite cells derived from CFS
muscle. In our opinion, there is a significant possibility that
oxidative stress affects satellite cells, and that this status
increases the functional deficit of these patients (Fig. 3).

Conclusions

In conclusion, real progress in establishing that the etio-
pathogenesis of CFS is a ROS-dependent process will be
possible only with definitive evidence that an excess of free
radicals in CFS muscles (not balanced by an adequate
increase in endogenous scavenger system activity) is
directly correlated with modifications in critical factors,
such as E-C coupling, force generation, and the satellite
cell repair system.
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