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Skeletal muscle relies on a constant, adequate ATP supply to sustain contractile activity and preserve
tissue mass and protein content. Skeletal muscle mitochondrial oxidative phosphorylation provides
adequate amounts of ATP under physiological conditions, contributing to preserve muscle protein mass
and playing a major role in glucose and lipid substrate utilization. Inflammation, oxidative stress and
insulin resistance are emerging contributors to skeletal muscle mitochondrial dysfunction occurring
under several disease conditions including insulin resistant states and obesity. Skeletal muscle mito-
chondrial dysfunction may lead to loss of muscle mass and strength as well as to altered glucose and fatty
acid utilization, and these effects are associated with poor clinical outcome. Exercise training enhances
skeletal muscle mitochondrial biogenesis and whole-body oxygen consumption (aerobic capacity), and
these effects are likely to represent relevant mediators of the positive clinical impact of controlled
exercise programs.

� 2011 European Society for Clinical Nutrition and Metabolism. Published by Elsevier Ltd. All rights
reserved.
1. Muscle substrate metabolism and mitochondria

Skeletal muscle is an obvious, essential component of the
locomotive apparatus, and its locomotive function requires main-
tenance and renewal of tissue contractile proteins as well as an
adequate energy supply in the form of adenosine tri-phosphate
(ATP). ATP cannot be stored in tissues, implying the need for
continuous ATP production in the contracting muscle. ATP is
provided by anaerobic glycolysis in relatively small amounts under
resting conditions, and by oxidative phosphorylation in tissue
mitochondria (as described below).

The concept that mitochondrial function and ability to produce
ATP is crucial formuscle contraction is supported by the observation
that physiological differences in mitochondrial density in different
muscle groups are closely related to their ability to sustain contrac-
tile work and are inversely related to muscle fatigability. High
mitochondrial density characterizes type I or “slow” fibers and is
associatedwithprolonged aerobic contractile activityand resistance
to fatigue1 Skeletal muscles with low mitochondrial density and
a majority of type II fibers in turn rely strongly on anaerobic glycol-
ysis for energy supply and are adapted to short sets of contraction
due to early fatigue. Most human muscle groups are considered to
haveamixedfibercontent, butprevalenceof either typemayhavean
important impact onmuscle characteristics in terms of function and
substrate utilization, with potential clinical implications.
al Nutrition and Metabolism. Publ
From a metabolic standpoint, skeletal muscle represents
a major protein reservoir. Muscle protein balance is regulated by
nutritional, endocrine and cytokine-mediated signalling pathways
to maintain body protein homeostasis and inter-organ amino acid
exchange, in turn regulating protein metabolism in different
organs and tissues.2e5 Under fasting conditions, net amino acid
release from skeletal muscle due to net excess of protein break-
down over synthesis represents a major source of precursors for
hepatic gluconeogenesis. On the other hand, dietary protein and
energy intake reverse net muscle protein catabolism through
anabolic signalling involving insulin and amino acid elevation,
leading to net muscle amino acid uptake and protein deposi-
tion.2e5 Adequate ATP availability is necessary for muscle
contraction during exercise. ATP is however also required to
sustain muscle protein turnover (i.e. the continuing processes of
protein renewal through breakdown and synthesis) which also
represents a relevant component of tissue energy requirements.
Glucose and lipid substrates are the major sources utilized for by
skeletal muscle for ATP production both at rest and during exercise.
Utilization at the skeletal muscle level is conversely an important
component of both glucose and lipid whole-body metabolism and
disposal.

1.1. Mitochondrial glucose and fatty acid oxidation and oxidative
phosphorylation

Mitochondria are the key site of tissue oxygen consumption for
energy production6 A detailed description and review of glucose
ished by Elsevier Ltd. All rights reserved.
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and fatty acid metabolism and of mitochondrial biochemical reac-
tions is beyond the scope of this work. Catabolism of exogenous
substrates, mostly fatty acids and glucose, leads to the formation of
acetyl-coenzyme A (CoA) which enters the mitochondrial tricar-
boxylic acid cycle. Glucose is initially catabolised through the major
metabolic pathway of glycolysis, that converts glucose into pyru-
vate under anaerobic conditions with concomitant production of
relatively limited amounts of ATP. Glucose-derived pyruvate can be
then converted to acetylCoA before transport into the mitochon-
dria, through decarboxylation and combination with coenzyme A
by pyruvate dehydrogenase (PDH) that links anaerobic and aerobic
glucose metabolism (Fig. 1). Long-chain free fatty acids are entirely
catabolised in the mitochondria, where they are transported
through the rate-limiting enzyme carnitine palmitoyl transferase e

I (CPT-I) 7. Acetyl-CoA also represents the product of mitochondrial
fatty acid beta-oxidation, and therefore a major common step of
substrate oxidative utilization.

Regulation of glucose and fatty acid utilization for skeletal
muscle energy production is a key metabolic process involving
both substrate availability (through exogenous dietary intake or
endogenous supply) and hormonal regulation. In particular, it has
been reported that enhanced glucose availability and PDH activa-
tion result in higher glucose utilizationwith relative suppression of
fat oxidation8 Insulin is a major regulator of this process by stim-
ulating PDH via activation of PDK8 resulting in net stimulation of
muscle oxidative glucose disposal under hyperinsulinemic condi-
tions as observed in the post-prandial state. Lower glucose avail-
ability or excess fatty acid supply (such as observed following
a fatty meal) may in turn result in PDH suppression7 Fatty acid
elevation has been in turn reported to induce resistance to insulin’s
effect on PDK activation8 with potential net shift towards fat
oxidation.

Acetyl-CoA is combined with oxaloacetate to produce citrate,
the first substrate of the tricarboxylic acid (TCA) cycle in the
mitochondrial matrix. TCA cycle reactions provide reduced FAD
(flavin adenine dinucleotide) and NAD (nicotinamide adenine
dinucleotide) in the form of FADH2 and NADH2, which support
electron flux through the respiratory chain. Respiratory chain
enzymes (from NADH reductase to cytochrome c oxidase:
complexes I to IV) are located in the innermitochondrial membrane
where they transport electrons to oxygen as final acceptor, while
creating an electrochemical transmembrane proton gradient. The
gradient is utilized by ATP synthase (complex V of the respiratory
chain) to synthesize ATP from ADP and phosphate, thereby
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Fig. 1. Scheme of substrate interaction for utilization for mitochondrial-energy
production; insulin may favor glucose utilization under post-prandial conditions by
enhancing pyruvate conversion to acetylCoA.
providing chemical energy in the from of high-energy bonds.
Modulation of mitochondrial biogenesis and mitochondrial gene
expression and oxidative capacity are key processes for mainte-
nance of skeletal muscle homeostasis. It is important to point out
that mitochondria contain DNA molecules encoding for a small but
essential fraction of mitochondrial proteins. The above character-
istic implies that mitochondrial biogenesis and modulation of
mitochondrial gene expression requires the coordinated expression
of both nuclear and mitochondrial genomes.
2. Altered muscle mitochondrial function in disease states

Mitochondrial respiration is regulated by tissue and cell energy
needs (Fig. 2). Cell energy status is typically sensed as the absolute
and relative abundance of adenosine phosphates (ATP, ADP, AMP
with AMP excess as a major signal of low energy availability and
need for ATP production: this aspect will be described in detail as
a mediator of exercise-stimulated mitochondrial changes). Changes
in muscle mitochondrial biogenesis (i.e. the process by which
mitochondria are formed in the cell) and oxidative capacity are
further modulated by complex nutritional and endocrine factors as
well as cytokine networks. Several important and common disease-
associated alterations have been described to negatively affect both
muscle protein balance and mass and muscle energy metabolism,
with particular regard to impaired mitochondrial gene expression,
mitochondrial protein synthesis, enzyme activities and ATP
production. The following section will focus on inflammation,
oxidative stress and insulin resistance (Fig. 3), although it should be
kept in mind that additional factors may also contribute to muscle
mitochondrial changes, including changes in muscle blood supply
and neuromuscular signalling alterations.
2.1. Inflammation

Both local and systemic inflammation result from imbalanced
production of proinflammatory and anti-inflammatory cytokines.
While acute inflammation at both local and systemic levels may
represent an adaptive mechanism contributing to limit and reverse
a specific infectious or traumatic insult, a sustained activation of
systemic inflammatory responses is associated with a major
negative metabolic and nutritional impact.9e12 Several chronic
disease conditions lead to sustained low-grade activation of chronic
systemic inflammation,9e12 and regardless of the underlying
mechanism, the onset and maintenance of a chronic elevation of
the pro- to anti-inflammatory cytokine balance represents
a common pathogenetic mechanism underlying wasting and
cachexia.9e12 Skeletal muscle protein catabolism by stimulation of
protein degradation and inhibition of synthesis is specifically
enhanced by proinflammatory TNF-alpha whose effect involves
nuclear translocation of transcriptional factor NF-kB,13e15 in turn
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Fig. 2. AMP-activated protein kinase is a key sensor of cellular energy status favoring
mitochondrial biogenesis after activation in the presence of lower energy availability.



Skeletal muscle

Oxidative

stress
Inflammation

Mitochondrial

Dysfunction

Insulin resistance

Fig. 3. Inflammation, oxidative stress and insulin resistance are common and inter-
related potential emerging mechanisms contributing to skeletal muscle mitochondrial
dysfunction and its negative clinical consequences in several chronic diseases
including obesity, type 2 diabetes and chronic wasting diseases.
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Fig. 4. Scheme of potential interactions between classical insulin-mediated activation
of the insulin signalling cascade with a key role of AKT phosphorylation and the
emerging impact of insulin on mitochondrial gene expression and functions.
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activating tissue cytokine expression to further enhance inflam-
mation. Interestingly, recent studies in experimental models have
indicated that muscle proinflammatory cytokines may inhibit
tissue mitochondrial enzyme activities such as the key tricarboxy-
lic acid cycle regulator citrate synthase,16 thereby providing an
additional, potentially synergistic mechanism for inflammation-
associated muscle catabolism through reduced tissue energy
production.16

2.2. Oxidative stress

Production of reactive oxygen species (ROS) from incompletely
reduced oxygen molecules is inevitably associated with oxidative
substrate metabolism.17 Antioxidant defence systems eliminate
ROS and maintain their tissue concentrations within physiological
levels. Excess production of ROS may however overcome antioxi-
dant capacity, thereby leading to oxidative damage to cell and
tissue molecules and potential disease. Similar to inflammation,
several factors may lead to oxidative stress in chronic disease and
aging.17e20 Importantly, oxidative stress may amplify inflammatory
alterations20 by enhancing proinflammatory cytokine production in
polymorphonucleates21 and by activating NF-kB nuclear trans-
location in peripheral tissues including skeletal muscle.20

As noted above, NF-kB activation leads to muscle protein
catabolism with muscle protein degradation exceeding synthesis,
thereby directly implicating oxidative stress in loss of muscle
protein and mass associated with wasting diseases. Mitochondria
are the site of ROS generation and are therefore exposed to high risk
of oxidative stress. Sustained oxidative stress has been indeed
postulated to lead to mitochondrial damage through cumulative
alterations including DNA mutations, that have been proposed as
a key mechanism underlying the aging process also in skeletal
muscle.19,22 Importantly, oxidative stress has also been recently
recognized as a negative modulator of mitochondrial function in
skeletal muscle in non-chronic disease models.23

2.3. Insulin resistance

Since both inflammation and oxidative stress are causes of
skeletal muscle insulin resistance, it is not surprising that insulin
resistance is a common feature of several chronic disease condi-
tions. Insulin is an anabolic hormone also with regard to skeletal
muscle mass maintenance due to its ability to inhibit protein
breakdown and favor net amino acid deposition.2e5 In addition and
importantly, acute insulin elevation to peak post-prandial levels
was shown to stimulate skeletal muscle mitochondrial gene
expression, oxidative capacity and ATP production in healthy
humans.24 In addition to its previously-described effects to stimu-
late glucose oxidation through PDH activation8 insulin-induced
enhancement of mitochondrial oxidative capacity could therefore
be involved in insulin effects to stimulate muscle glucose utiliza-
tion, both in the post-prandial state and under different conditions
involving a stimulation of skeletal muscle insulin action (Fig. 4).
Insulin effects on muscle mitochondria did however not occur in
insulin-resistant type 2 diabetic human skeletal muscle.10

The onset of insulin resistance has therefore the potential to
activate a vicious cycle of muscle catabolism and mitochondrial
dysfunction, leading to impaired muscle function and worsening
morbidity and mortality.

3. Nutrients and nutritional status

Regulation of mitochondrial function by macronutrients and
nutritional state has been studied most extensively for fat (which is
oxidized only in the mitochondria).

3.1. High-fat diet and free fatty acids

High-fat feeding with saturated fat has been a well-established
model for studies of nutritional regulation of mitochondrial func-
tion, since a fat-calorie rich diet is common inwestern societies and
is associated with high risk of metabolic and cardiovascular disease.
The effects of chronic high-fat feeding per se on skeletal muscle
mitochondrial function remain at least in part controversial in
experimental models, and it should be kept in mind that changes in
duration of dietary treatment, percent of dietary fat and animal
strain could all affect its metabolic impact. Some studies have
reported a negativemitochondrial impact of excess dietary fat, with
lower mitochondrial enzyme activities and oxygen consump-
tion.25,26 Other studies have reported a stimulatory effect,27,28 with
enhanced muscle mitochondrial protein levels and oxidative
capacity following sustained consumption of a high-fat diet.

Elevation of circulating free fatty acids and higher tissue free
fatty acid availability is a relevant consequence of fat ingestion, and
the direct impact of free fatty acids on muscle mitochondria can be
studied in vitro in myocytes. In muscle cell preparations incubated
with saturated fatty acids (commonly palmitate) reduced mito-
chondrial parameters such as DNA copy number and fat oxidation
were reported,29,30 which was associated in one study with
a paradoxical increase of AMPK activation.30 A potential palmitate-
induced AMPK activation may in turn provide a possible



R. Barazzoni / e-SPEN, the European e-Journal of Clinical Nutrition and Metabolism 6 (2011) e158ee164 e161
explanation for the in vivo reports of mitochondrial stimulation
following high-fat feeding, although a link between free fatty acids
and muscle AMPK activation in vivo needs to be directly investi-
gated. Available in vivo studies of the impact of free fatty acid
elevation per se (i.e. independently of high-fat feeding) on muscle
mitochondria are indeed scarce. Consistent with most in vitro
reports, one human study however reported the suppression of
mitochondrial-energy transcripts with concomitant elevation of
inflammatory gene transcript levels following sustained free fatty
acid intravenous infusion.31 Acute free fatty acid elevation also
induces oxidative stress in healthy humans.32 Overall, the above
reports suggest that free fatty acids may exert a negative impact on
skeletal muscle mitochondrial oxidative capacity, but this hypoth-
esis needs to be directly tested in vivo. It should be pointed out that
concomitant changes in inflammation, oxidative stress and insulin
resistance could differentially modulate the impact of fatty acids
and high-fat feeding on muscle mitochondrial oxidative capacity
under different experimental conditions, and could contribute to
explain the existing discrepancies.

3.2. Caloric restriction

Low caloric intake [in the absence of starvation or undernutri-
tion33] induces major health benefits and is associated with pro-
longed lifespan in several animal species, with recent reports
supporting this effect also in non-human primates.34 Although
a long-term caloric restriction study in non-obese humans with
survival as endpoint may be impossible to perform, data from
selected groups of healthy individuals voluntarily undergoing long-
term strict hypocaloric dietary regimens have confirmed its
substantial positive impact on several cardiometabolic risk
factors.35 From a metabolic standpoint, fasting is associated with
a shift towards preferential fatty acid oxidative utilization in skel-
etal muscle7 which is in part mediated by reduced PDH activity and
may be associated with initial increments of fatty acid supply from
enhanced adipose tissue lipolysis. Studies have also demonstrated
that caloric restriction may enhance muscle mitochondrial oxida-
tive capacity in experimental models under physiological condi-
tions36,37 and in aging rodents, particularly in the presence of
selective dietary protein supplementation.38 Indeed, enhanced
mitochondrial function through prevention of oxidative damage
has been also suggested as a key mediator of the life-prolonging
effects of caloric restriction in non-obese animals.19,22 Importantly,
the positive effects of caloric restriction on markers of inflamma-
tion and insulin action, demonstrated in non-obese healthy
humans,35 may contribute to improve skeletal muscle mitochon-
drial function. In recent years, sirtuins including SIRT1 have rapidly
emerged as key mediators of life-prolonging effects of caloric
restriction in rodents.39 These deacetylating enzymes are overex-
pressed in long-term calorie-restricted animals and their targets
include the pivotal mitochondrial biogenesis stimulator PPAR-
gamma coactivator-1 alpha (PGC-1alpha).40,41 SIRT1 overexpress-
ion is accordingly associated with enhanced muscle mitochondrial
oxidative capacity and lower muscle lipid content, with improved
metabolic profile also in the presence of high fat-calorie intake.41

These findings indicate that changes in muscle energy metabo-
lism are pivotal components of the metabolic response tomoderate
caloric restriction, and likely major contributors to its beneficial
effects on health.

3.3. Obesity

Most studies in obese models agree on the negative impact of
chronic positive energy balance on muscle mitochondrial oxidative
capacity.42,43 Similar to experimental conditions of high fat
availability (Section 3.1), obesity is often associated with inflam-
mation, oxidative stress and insulin resistance44,45 which may
indeed be due at least in part to excess dietary fat. As reported
above, all of these alterations have the potential to independently
exert a negative impact on muscle mitochondria. Mitochondrial
dysfunction could in turn contribute tomuscle insulin resistance by
favoring tissue fat accumulation, since intramyocellular lipids are
strongly associated with insulin resistance.46 It is therefore plau-
sible that a vicious cycle operates in obese, insulin resistant skeletal
muscle whereby altered mitochondrial function (caused by
a combination of inflammation, oxidative stress and possibly pre-
existing insulin resistance) might further enhance insulin resis-
tance through negative impact of lipid accumulation, with further
negative effects on body fat accumulation and worsening of the
obese phenotype.

Although adipose tissue adipokine production may negatively
affect inflammation and metabolism also in wasting-associated
chronic diseases, the additional negative metabolic impact of
adipose tissue must be particularly taken into account in the
setting of obesity.47e50 It is well described in both human and
animal models that excess adipose tissue is associated with
unbalanced adipokine production which may favor the onset of
systemic and skeletal muscle insulin resistance and inflamma-
tion,47e50 thereby potentially exerting a negative impact on
muscle mitochondrial function. Increased adipocyte and adipose
tissue macrophage TNF-alpha and IL-6 expression and production
are reported in human and animal obese individuals.47e49 In
addition, expression and circulating levels of adiponectin are low
in adipocytes from obese patients.50 Adiponectin exerts anti-
inflammatory and insulin-sensitizing effects, and its positive
metabolic impact in experimental models has been reported to be
associated with activation of AMPK in skeletal muscle,48 poten-
tially resulting in stimulated mitochondrial biogenesis and
function.

Modulation of inflammation, oxidant status and insulin action
by nutrition is a highly desirable and promising approach and could
result in improved muscle mitochondrial function, but it should be
kept in mind that reducing total caloric intake is not feasible in
cachexia-prone patients with chronic wasting diseases whose
prognosis is worsened by losses of lean as well as fat body mass.
Caloric restriction is instead an integral part of treatment in obese
individuals. Few studies have however reported the effects of diet
on muscle mitochondrial function in obese patients. Some reports
demonstrated improved muscle mitochondrial parameters or lipid
oxidation following integrated diet and exercise programs,51,52 but
in one study these effects where not confirmed for diet alone.51 On
the other hand, studies have reported increased aerobic perfor-
mance (an indirect marker of muscle oxidative metabolism)
following diet- and exercise-induced weight loss in obese indi-
viduals.53,54 An important component of muscle metabolic
responses to weight gain and loss is related to potential concomi-
tant changes in muscle mass. It should be pointed out that, in spite
of positive energy balance and excess body weight, recent studies
have indicated that muscle protein anabolism may be impaired in
obese humans particularly under acute insulin-stimulated condi-
tions.55 Weight gain may be in turn associated with absolute or
relative decrease of muscle or lean mass leading to sarcopenic
obesity in adult and elderly patients.56 Mechanisms underlying
resistance to the protein-anabolic effects of insulin and relative loss
of muscle mass could involve several obesity-related alterations,
including inflammation and oxidative stress. Balanced weight-
reducing programs involving moderate caloric restriction are
conversely not reported to be associated with loss of muscle
strength.53 More studies are needed to further assess these
important issues.
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4. Exercise and skeletal muscle mitochondria

Muscle contraction for physical activity (locomotion and work-
related) represents its key function and requires an adequate
energy supply. Energy is mostly produced in the form of ATP and
since there are no significant amounts of tissue ATP stores, pro-
longed muscle contraction implies the ability to continuously
produce sufficient ATP. Limiting factors to this regard are substrate
availability and efficiency of the ATP-generating processes, namely
glycolysis and mitochondrial oxidative phosphorylation. Anaerobic
glycolysis is however only responsible for relatively limited
amounts of ATP production, and the current work will focus on
adaptive responses of mitochondrial biogenesis and function to
physical exercise as well as their implications in disease states.

4.1. Muscle contraction and mitochondrial biogenesis

Muscle contraction stimulates mitochondrial biogenesis and
oxidative capacity through different, integrated mechanisms.57

Contractile activity activates multiple signalling pathways
including energy sensing AMPK and calcium-dependent signalling
following contraction-associated calcium release from the sarco-
plasmic reticulum.57 AMPK is a pivotal energy sensor activated by
an increase of the AMP-to-ATP ratio.58 Its metabolic effects
modulate intermediate metabolism in several tissues and organs
including liver, brain and skeletal muscle, to promote energy
production and suppress energy-consumingmetabolic pathways.58

In skeletal muscle, activation of AMPK during contraction is asso-
ciated with low substrate availability as demonstrated by studies
with exercise protocols performed at different muscle glycogen
levels.59 In the above report AMPK was strongly activated in case of
glycogen depletion, while exercise with adequate glycogen supply
did not result in substantial AMPK activation.59 AMPK activation
results in enhanced glucose and fatty acid uptake, as well as in
activated signalling leading to mitochondrial biogenesis and
enhanced oxidative capacity.58 Increased intracellular Ca avail-
ability also activate stimulators of mitochondrial biogenesis,
involving protein kinase C and Ca-calmodulin-activated protein
kinase.60 Transcription factors involved in contraction-induced
mitochondrial biogenesis include PGC-1alpha, playing a pivotal
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Fig. 5. Positive impact of aerobic exercise training on muscle (gastrocnemius and soleus) oxy
activities and PGC-1alkpha mRNA in humans (Ref 63).
role in orchestrating coordinated nuclear and mitochondrial gene
expression.40,61

4.2. Exercise training and mitochondrial biogenesis

Consistent with the effects of muscle contraction, bouts of
exercise training and sustained exercise programs are associated
with increments of muscle mitochondrial parameters.57 Effects of
aerobic training in vivo have also been thoroughly investigated, and
the positive impact of aerobic training on aerobic capacity and
mitochondrial enzyme activities has long been recognized62,63

(Fig. 5). It must be pointed out that acute exercise, particularly
strenuous bouts of activity, can induce oxidative stress and
inflammation.64 Under trained conditions, these negative effects
are over-compensated by stimulation ofantioxidant capacity and
anti-inflammatory effects, resulting in protection against oxidative
stress and reduction of systemic and tissue inflammatory
responses.65e67 Aerobic training is also commonly associated with
improved insulin sensitivity.63,67,68 Based on previous discussion,
this effect could be at least in part mediated by a pattern of bene-
ficial changes involving its anti-inflammatory and antioxidant
activities as well as its ability to stimulate mitochondrial substrate
oxidation. Recent studies have shown that overexpression of
muscle sirtuins, reported to mediate positive mitochondrial effects
of caloric restriction, also occurs following aerobic exercise training
in both young-adult and elderly humans,68 suggesting a potential
common pathway for the effects of caloric restriction and exercise.
The effects of chronic resistance exercise and training on muscle
mitochondria are less obvious and remain less investigated,
although resistance training produces similar potential stimuli in
terms of contractile activity, and has been reported to improve
antioxidant status as well as inflammation in muscle.69 Recent
studies indeed directly reported a positive impact of resistance
training on muscle mitochondrial parameters in chronic kidney
disease patients.70

4.3. Exercise training as therapy

The above observations strongly support the potential for
beneficial effects of exercise training to reduce functional and
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metabolic complications in disease states with low muscle mito-
chondrial oxidative capacity. Several studies have indeed demon-
strated that resistance and endurance exercise training may
improve muscle strength and performance with potential strong
positive impact on quality of life in patients with chronic diseases
and in aging individuals.61,70e75 Importantly, these changes likely
involve stimulation of muscle protein anabolism, that has been
reported also following aerobic exercise.76 Muscle mitochondrial
data is not directly available in most of the numerous studies
investigating the clinical benefits of exercise in chronic disease
states. However, available evidence supports the involvement of
mitochondrial changes in aerobic exercise-induced beneficial
effects, with less numerous studies also available for resistance
exercise. Increased mitochondrial biogenesis has been indeed
reported in muscle following aerobic or resistance exercise training
in patients with end-stage renal disease,70,71 COPD,72 heart
failure,73,74 and many studies have confirmed these effects in
elderly individuals.63 Also based on available evidence, skeletal
muscle mitochondrial effects were reported in studies employing
eight to twenty-four weeks of training, based on two-three
20e60 min sessions per week with increasing intensity over
time.63,70e75

Obese insulin resistant patients also benefit from exercise
training, with reported higher muscle mitochondrial density and
lipid oxidative capacity.51,52 As stated above, some studies have
reported a positive impact of exercise training, associated with
dietary intervention, on fatigue and aerobic performance in dia-
betic patients.53,54 It should also be pointed out that improvements
in mitochondrial oxidative capacity are not invariably associated
with higher insulin sensitivity,51,63,77 and this observation is
consistent with the notion that mitochondrial dysfunction is not
the only cause-contributor to skeletal muscle insulin resistance.
Duration of exercise program, its intensity and baseline patient
characteristics with regard to inflammatory and metabolic status
should also be taken into account andmight modulate responses to
exercise.
5. Conclusions

Muscle physiology relies strongly on a constant, adequate
energy supply. Mitochondrial oxidative phosphorylation provides
adequate amounts of ATP under physiological conditions, contrib-
uting to preserve muscle protein mass and playing a major role in
glucose and lipid substrate utilization. Muscle mitochondrial
dysfunction occurs in many chronic diseases associated with
impaired muscle mass and strength as well as metabolic abnor-
malities. Inflammation, oxidative stress and insulin resistance likely
contribute to disease-associated mitochondrial changes, and they
can be induced and modulated by changes in nutrient intake and
nutritional status. Exercise training represents a major stimulator
of mitochondrial biogenesis and a powerful therapeutic tool for
disease conditions involving mitochondrial-related alterations.
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