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ABSTRACT 
Skeletal muscle adapts to various forms of exercise depending on the force, speed and duration 
characteristics of the contraction pattern. The stresses and signals associated with each contraction 
pattern are likely to specifically activate a network of signal transduction pathways that integrate this 
information. These pathways include the calcineurin, Calcium/calmodulin-dependent protein kinase 
(CaMK), mitogen-activated protein kinase (MAPK), protein kinase C (PKC), nuclear factor kappa B 
(NF-κB), AMP-dependent protein kinase (AMPK), insulin signalling and developmental pathways. 
Activated signal transduction pathways activate or increase the expression of transcription factors via 
various mechanisms. Skeletal muscle genes are usually regulated by combinatorial control exerted by 
several transcription factors and possibly other mechanisms. In addition, adaptations such as an increase 
in mitochondrial biogenesis or the activation of satellite cell proliferation involve distinct regulatory 
mechanisms.  
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İSKELET KASINDA EGZERSİZLE OLUŞTURULAN SİNYAL TRANSDUCTION VE 
GEN DÜZENLENMESİ 
 
ÖZET 
İskelet kası egzersizin değişik biçimlerine kasılma modelinin güç, hız ve süre özelliklerine bağlı bir 
şekilde uyum sağlar. Her kasılma biçimi ile ilişkili sinyal ve stres muhtemelen spesifik olarak sinyal 
transduction yolunun bir ağını aktive eder. Bu yollar, kalkineurin, Kalsiyum/kalmodulin-bağımlı protein 
kinaz (CaMK), mitojen-activated protein kinaz (MAPK), protein kinaz C (PKC), nuklear faktör kappa B 
(NF-κB), AMP-dependent protein kinaz (AMPK), insulin sinyal ve gelişme yollarını içermektedir. 
Aktive edilmiş transduction yolları değişik mekanizmalar yolu ile kopyalama (transcription) faktörlerinin 
ifadelerini artırır veya aktive eder. İskelet kası genleri genellikle değişik kopyalama faktörleri tarafından 
kullanılan birleştirici kontrol ile veya muhtemelen diğer mekanizmalar tarafından düzenlenir. Ayrıca 
satelayt hücre proliferasyonunun aktivasyonu veya mitokondriyal biogenesizdeki bir artış gibi 
adaptasyonlar farklı düzenleme mekanizmalarını içermektedir. 
 
ANAHTAR KELİMELER: Adaptasyon, kalkineırin ağır zincir miyozin, mitokondriyal biogenezis, 
satelayt hücreler. 

 
 
INTRODUCTION 
“How do muscles adapt to exercise?” is one of 
the key questions in sports science. Here, we 
aim to give an update on the answer to this 
question, which is work in rapid progress. There 
are barriers for sports scientists to this research 
because it is cellular and molecular biology and 

we therefore recommend introductory reading 
on DNA, genes, promoters, enhancers, 
transcription factors, transcription, translation 
and gene regulation in order to fully appreciate 
this review.  
 
Classical research on skeletal muscle adaptation to 
exercise 
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Skeletal muscle adapts specifically to chronic 
exercise or inactivity with well-known changes in 
protein isoforms and quantities (Saltin and Gollnick, 
1983). In their seminal cross-reinnervation 
experiment, (Buller et al., 1960) demonstrated that 
the contraction properties of a slow muscle changed 
from slow to fast after reinnervation by a nerve that 
normally innervated a fast muscle. Numerous studies 
since that time have demonstrated the ability of 
terminally differentiated muscle fibres to adapt to a 
change in contractile activity. Reduced activity 
levels as a result of unloading, spaceflight, 
immobilisation or paraplegia cause atrophy and a 
shift in gene expression towards a faster, glycolytic 
skeletal muscle phenotype (Booth and Gollnick, 
1983; Talmadge et al., 1995). Increased activity 
causes specific skeletal muscle adaptation depending 
on the force, speed and duration characteristics of 
the contraction pattern. Key adaptations to chronic 
low-frequency electrical stimulation of fast muscle 
include an upregulation of mitochondrial biogenesis, 
oxidative enzymes, fat metabolism enzymes and 
slow MHC isoforms and a downregulation of 
glycolytic enzymes and fast MHC isoforms (Chi et 
al., 1986; Henriksson et al., 1986; Brown et al., 
1985; Pette and Vrbova, 1999). Endurance training, 
a moderate physiological version of chronic 
stimulation, causes less dramatic changes in a 
similar direction (Holloszy and Coyle, 1984; 
Salmons and Henriksson, 1981; Saltin and Gollnick, 
1983). In contrast, high force and speed contraction 
patterns cause muscle hypertrophy predominantly 
via an increase in the fast twitch fibre area (Tesch, 
1988). However, adaptations to strength and power 
training appear to be bi-directional because type I 
and the very fast IIX (or IIB) MHCs change towards 
the intermediate IIA isoform (Andersen et al., 1994; 
Allemeier et al., 1994). Finally, some skeletal 
muscle fibres will suffer apoptosis (Podhorska-
Okolow et al., 1998) or necrosis (Hikida et al., 1983) 
as a result of high-impact exercise.  
 
Overview over exercise-induced signal 
transduction and gene regulation 
The vast majority of the classical skeletal muscle 
adaptation research has been descriptive and did not 
explain the signalling processes that link contraction 
patterns to specific gene regulation events and 
adaptation. The increasing adoption of cellular and 
molecular techniques by researchers interested in 
sport and exercise are the main reason for a rapid 
progress in uncovering the signal transduction 
events that regulate skeletal muscle adaptation to 
exercise. A general, schematical overview of 
exercise-induced signal transduction and gene 
regulation is shown in figure 1. 

SIGNALS AND STRESSES ASSOCIATED 
WITH EXERCISE ACTIVATE 
NUMEROUS SIGNAL TRANSDUCTION 
PATHWAYS 
 
Signal transduction is used to describe the transfer of 
signals and stresses from the outside or inside of the 
cell usually by kinase or phosphatase cascades or 
other signalling processes to cytosolic or nuclear 
targets. These targets either change cellular 
processes such as energy metabolism or regulate 
genes, which results in a changed muscle phenotype. 
In the following paragraphs, we discuss the role of 
the calcineurin and MAPK pathways in the exercise 
response in detail and briefly the role of other 
contraction-responsive signal transduction pathways. 
 
Calcineurin pathway: Signalling via calcium, 
dephosphorylation and nuclear translocation 
Chin et al. (1998) were the first to identify a signal 
transduction pathway that could link the increased 
calcium levels during endurance exercise to the fast-
to-slow muscle fibre phenotype changes that occur 
as a result of exercise. They used cyclosporine A to 
block the calcium-responsive calcineurin signal 
transduction pathway. This intervention resulted in 
an increase in fast muscle fibres in mouse skeletal 
muscle in vivo suggesting that the activated 
calcineurin pathway could be responsible for the 
well characterised fast-to-slow change in fibre 
phenotype that results from chronic exercise. The 
authors hypothesized that the calcineurin pathway 
would be “a molecular mechanism by which 
different patterns of motor activity promote selective 
changes in gene expression to establish the 
specialized characteristics of slow and fast 
myofibres” (Chin et al., 1998). Calcineurin is a 
protein phosphatase that is activated by increased 
intracellular free calcium levels. Activated 
calcineurin dephosphorylates the transcription factor 
NFAT and this dephosphorylation reveals the 
nuclear localization sequence of NFAT. Increased 
levels of free calcium are therefore a pivotal step in 
bringing about the nuclear translocation of NFAT 
(Meissner et al., 2001). Nuclear NFAT binds DNA 
at NFAT enhancer sequences found in the regulatory 
regions of a number of “slow” skeletal muscle genes 
(Chin et al., 1998). However, it was subsequently 
shown that the calcineurin pathway could increase 
the expression of some fast genes as well (Swoap et 
al., 2000) which contradicts Chin et al.’s hypothesis. 
In addition, there is evidence that the calcineurin 
pathway is involved s keletal muscle hypertrophy  
induced by the growth factor IGF-1 (Semsarian et 
al., 1999) which is not in line with the assumption 
that the calcineurin pathway mediates fast-to-slow  
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transformations. To conclude, the calcineurin 
pathway appears to play a role in adaptation to 

exercise but further studies are needed to clarify its 
true function in vivo. 
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Figure 1. An overview of exercise-induced adaptation signalling and gene regulation in skeletal muscle. 
Exercise activates signal transduction pathways via (1) growth factors and hormones binding to membrane 
and nuclear receptors, (2) Ca2+ concentration changes, mechanical stretch, energy status, hypoxia and (3) cell 
damage/injury. Numerous, sometimes cross-talking signal transduction proteins signal mainly but not 
exclusively by covalent phosphorylation (4). In a final step, a nuclear localisation signal (yellow) is activated 
and translocated into the nucleus (Cyert, 2001). Inside the nucleus (6), the signalling protein either acts as a 
transcription factor itself or it activates transcription factors that will bind regulatory DNA sequences. 
Skeletal muscle genes are controlled by several regulatory elements and a cross-talk with developmental 
programmes is likely. Exercise-induced effects include (7) expression of growth factors, (8) contractile 
proteins, enzymes and other functional proteins, (9) satellite cell proliferation and donation of nuclei to 
skeletal muscle fibres, (10) mitochondrial biogenesis, and (11) apoptosis. 
 
MAPK pathways: Signalling via kinase cascades 
and nuclear translocation 
MAPK signal transduction pathways are well known 
from research on different organisms, tissues and 
pathologies. MAPK pathways are kinase cascades 
that use protein phosphorylation as their signalling 
mechanism. The three main MAPK pathways, 
ERK1/2, p38 (Yu et al., 2001; Boppart et al., 2000) 
and JNK (Aronson et al., 1998) have been shown to 
be activated by various forms of contraction 
(Widegren et al., 2000) suggesting that they might 
regulate some of the skeletal muscle genes that 
change their expression rate as a response to  

exercise. Concrete evidence for a role of the ERK1/2 
signal transduction pathway in exercise adaptation 
can be found in the study by Murgia et al. (2000). 
The authors demonstrated an increased slow fibre 
percentage during injury-repair in vivo when the 
ERK1/2 pathway was activated by transfection 
(Murgia et al., 2000). In addition, we (Higginson et 
al., 2002) found that a pharmacological blockade of 
the ERK1/2 pathway with the MEK1/2 inhibitor 
U0126 caused an upregulation in the fast MHC IIB 
and IIX isoforms and down-regulation of the slow 
MHC I (β) isoform in primary skeletal muscle cell 
culture (figure 2). These observations support the 
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hypothesis that exercise-activation of the ERK1/2 
signal transduction pathway pathway may promote a 
fast-to-slow change in skeletal muscle. However, 
activities of metabolic enzymes did not change as 
expected in our study, suggesting that the ERK1/2 
pathway is not responsible for all adaptations to 
endurance exercise. 

The research on the calcineurin and MAPK 
pathways suggests that contraction-responsive signal 
transduction pathways are either redundant or do 
only regulate a part of the adaptation response and 
that adaptation signalling is likely to involve more 
than one signal transduction pathway.  

 

a b 

Figure 2. Relative amounts of myosin heavy chain (MHC) isoform IIx (a) and IIb (b) mRNA (mean ± SEM, 
n=4) in cultured rat myocytes (muscle cells) measured with Northern blotting (Higginson et al., 2002). ! 
Control (no pharmacological treatment). ! Cyclosporin A (calcineurin pathway inhibitor) treated. " U0126 
(ERK1/2 pathway inhibitor) treated. Blockade of the calcineurin pathway resulted in significantly higher 
levels of MHC IIx while blockade of the ERK1/2 pathway resulted in significantly higher levels of MHC IIx 
and MHC IIb. These results suggest that the calcineurin pathway suppresses the MHC IIx isoform when 
activated by exercise. The ERK1/2 pathway suppresses the MHC IIx and MHC IIb isoforms when activated 
by exercise. 
 
Brief overview over other contraction-responsive 
signal transduction pathways 
There are now several other examples for signal 
transduction pathways that are both contraction-
responsive and regulate genes as a response to 
exercise or inactivity. We briefly discuss some of 
these pathways and their cross-talk in order to 
develop our argument that adaptation signalling is 
likely to involve a network of signal transduction 
pathways capable of integrating numerous signals 
and stresses associated with exercise. Exercise has 
been shown to activate the signal transduction kinase 
PKC in rat skeletal muscle (Richter et al., 1987; 
Cleland et al., 1989). However, it seems unlikely 
that calcium is the stimulus because the major PKC 
isoform in skeletal muscle is PKCθ which lacks a 
calcium binding motif (Osada et al., 1992; Donnelly 
et al., 1994). PKC signalling has been shown to 
regulate skeletal muscle fibre phenotype in avian 
muscle (DiMario, 2001) but it is unclear whether it 
has a similar role in mammalian muscle. The 
transcription factor NF-κB is activated by 
contraction in rat skeletal muscle (Hollander et al., 
2001) and is involved in myogenesis (Lehtinen et 

al., 1996;Canicio et al., 2001). The growth factor 
IGF-II has been found to activate NF-κB and effect 
myogenesis (Kaliman et al., 1999). Other studies 
demonstrated that NF-κB mediates the protein loss 
induced by TNFα in skeletal muscle myotubes (Li 
and Reid, 2000). Moreover, a NF-κB DNA 
regulatory element has been found in the myostatin 
gene suggesting that NF-κB is involved in the 
regulation of skeletal muscle growth (Ma et al., 
2001). The calcium-dependent signal transduction 
kinase CaMK is believed to be activated by exercise 
in skeletal muscle (Wu et al., 2002) and it is 
involved in the regulation of the transcription factor 
MEF2 (Wu et al., 2000). Constitutively activated 
CaMK in transgenic mice increases mitochondrial 
biogenesis and increases the percentage of muscle 
fibres with a slow phenotype in vivo (Wu et al., 
2002) suggesting a key role of the CaMK pathway in 
fast-to-slow fibre phenotype changes. The signal 
transduction kinase AMPK is activated by AMP and 
inhibited by phosphocreatine and therefore sensitive 
to the energy status of the muscle fibre (Winder, 
2001). It plays a role in glucose import and there is 
evidence for a role in activating mitochondrial 
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biogenesis (Bergeron et al., 2001). The PI 3-
kinase/AKT/mTOR signal transduction pathway 
pathway has been shown to be essential for inducing 
skeletal muscle hypertrophy (Rommel et al., 2001). 
Integrins are receptor proteins that bind and respond 
to the extracellular matrix and have been identified 
as possible inducers of hypertrophy signalling in 
response to mechanical stresses (Carson and Wei, 
2000). This brief overview shows that numerous 
signal transduction pathways participate in the 
exercise response.  
 
Evidence for cross-talk 
There is now abundant evidence for connections 
between signal transduction pathways. A signal 
transduction between two distinct signal 
transduction pathways is termed cross-talk and 
limited evidence exists for cross-talk in skeletal 
muscle signal transduction. For example, there is 
cross-talk between the signal transduction kinase 
MEK1 and the developmental transcription factor 
MyoD (Perry et al., 2001). There is also evidence for 
cross-talk between the insulin and p38 MAPK signal 
transduction pathways (Blair et al., 1999) and in the 
development of insulin resistance in skeletal muscle 
cells (Storz et al., 1999). There is only a limited 
number of examples for cross-talk in skeletal muscle 
but if skeletal muscle signalling was comparable to 
the signalling in the functionally related and better 
researched heart, then numerous examples for cross-
talk could be expected (Molkentin and Dorn II, 
2001). Based on this research, we suggest that 
adaptation signalling is likely to be mediated by an 
interlinked network of several contraction-
responsive signal transduction pathways. 
 
GENE REGULATION, MITOCHONDRIAL 
BIOGENESIS AND SATELLITE CELL 
ACTIVATION 
 
Signal transduction pathways are capable of 
regulating non-genomic changes such as glucose 
import and of regulating transcription or translation, 
which results in changed protein concentrations or 
isoforms. Here, we discuss the transcription factor 
MEF2 as an example for the complex regulation of 
transcription factors. We then review the regulation 
of the myosin heavy chain gene family, 
mitochondrial biogenesis and the activation of 
satellite cells to show the diversity of responses to 
signal transduction processes.  
 
MEF2: Double function as transcription and co-
factor that is regulated by several pathways in 
development and as a response to exercise 
MEF2 is a transcription factor which has four 
different isoforms termed MEF2A-D. Active MEF2 

binds to a CTA(A/T)4TAG regulatory DNA 
sequence and it has been shown to be involved in the 
regulation of the majority of genes expressed in 
skeletal muscle including creatine kinase, myoglobin 
and GLUT4 (Yang et al., 1998; McKinsey et al., 
2002). Here, we discuss the example of MEF2 to 
show that transcription factors can be regulated by a 
number of diverse mechanisms and pathways. On 
function of MEF2 is its role as an essential co-
regulator of muscle development or myogenesis via 
interaction with the developmental MRFs 
(Molkentin et al., 1995; Black and Olson, 1998). 
Myogenesis is primarily regulated by the four MRFs 
called MyoD, Myf-5, myogenin and MRF4, which 
are transcription factors that promote the 
development towards mature skeletal muscle fibres 
(Buckingham, 2001; Arnold & Winter, 1998). The 
distance between the MRF and MEF2 DNA binding 
sites is constant suggesting that this is a requirement 
for an interaction between both factors (Fickett, 
1996). Because MRF mRNA and protein levels 
chance as a response to denervation and electrical 
stimulation (Hu et al., 1997; Walters et al., 2000; 
Jacobs-El et al., 1995; Voytik et al., 1993) and 
because MEF2 is activated by various exercise-
responsive pathways as will be discussed below, the 
combination of changed MRFs levels and activated 
MEF2 is probably important for the adaptation to 
exercise. However, the role of MRFs in adaptation 
to exercise is unclear. For example, denervation 
causes an increase in myogenin expression (Voytik 
et al., 1993; Walters et al., 2000) while low-
frequency stimulation and static stretch does cause 
no changes in myogenin expression (Jacobs-El et al., 
1995). An overexpression of myogenin, however, 
results in increased activities of oxidative enzymes 
and decreased activities of glycolytic enzymes 
(Hughes et al., 1999) which is opposite to what 
would be expected.  

MEF2 itself is activated by calcium and 
possibly other signals inside the exercising skeletal 
muscle (Wu et al., 2001). It is dephosphorylated by 
calcineurin (Wu et al., 2000; Wu et al., 2001) and 
phosphorylated by CaMK (McKinsey et al., 2002) 
and the p38 MAPK (Yang et al., 1998; Zetser et al., 
1999; Black and Olson, 1998). There is some 
evidence that the energy-status sensitive AMPK 
signal transduction kinase might increase MEF2 
DNA binding (Zheng et al., 2001). CaMK, however, 
also signals via a second, unique mechanism to 
MEF2 that involves histone deacetylases. Histone 
deacetylases deacetylate tails on histones which 
results in tighter packing of the DNA so that the 
DNA is not accessible (McKinsey et al., 2002). 
Histone deacetylases also bind to MEF2 and inhibit 
gene expression (McKinsey et al., 2001). Activated 
CaMK phosphorylates histone deacetylases resulting 
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in detachment from MEF2 and the histone 
deacetylases are also transported out of the nucleus 
(McKinsey et al., 2000; McKinsey et al., 2002). 
Antagonist histone acetylases do then acetylate the 
histone tails and the DNA becomes more accessible 
(McKinsey et al., 2001). The MEF2 example 
highlights that transcription factors can be activated 
by several signal transduction pathways.  
 
Myosin heavy chain isoform regulation: Genetic 
location related to function and numerous 
regulatory elements 
The isoforms of the contractile MHC proteins are 
key determinants of the contraction characteristics of 
skeletal muscle fibres. Fibre types are usually named 
after the MHC isoform that is predominantly 
expressed inside a fibre. In humans, the “slow” α 
MHC is found in heart and the β/Ι MHC isoform is 
found in heart and slow skeletal muscle fibres. The 
genes for both isoforms are located at 21.3 Mb on 
chromosome 14 (human genome data search in 
www.ensembl.org). In contrast, the developmental 
and fast MHC isoforms, namely perinatal, 
embryonal, IIa, IId/x, IIb and extraocular, are 
situated in a narrow region around 11.8 and 12.0 Mb 
on chromosome 17 (human genome data search in 
www.ensembl.org; Weiss et al., 1999). Such 
clustering of related genes occurs in some globin, 
homeobox, T cell receptor genes. In contrast, other 
contractile proteins with different isoforms such as 
myosin light chains, actin and troponin I and genes 
of enzyme isoforms such as creatine kinase, lactate 
dehydrogenase are not clustered (human genome 
data search in www.ensembl.org; Weiss et al., 
1999). The clustering of the MHC heavy chain 
isoform genes opens the possibility that these MHC 
gene clusters are controlled by locus control regions 
or epigenetic mechanisms (Weiss et al., 1999). If 
this is the case, the cluster would be highly 
accessible and capable of recruiting chromatin-
modifying, coactivator and transcription complexes 
as has been discussed for the globin isoform gene 
cluster (Levings and Bungert, 2002). It is an 
interesting hypothesis that the calcium-CaMK-
dependent export of HDAC which might result in 
increased histone acetylation might open “slow” 
DNA regions, so that transcription could take place 
(McKinsey et al., 2000). In addition, each MHC 
isoform gene has multiple enhancers that are 
regulated by the binding of transcription factors. In 
mice, the promoter regions of the fast MHC IIa, IId 
and IIb genes include enhancers for NFAT, E-boxes, 
TATA boxes, AT-rich and CarG regions, often with 
more than one copy (Allen et al., 2001). 
Transcription factors will bind to these enhancers 
and increase the transcription of the gene. It has 
been shown that the developmental transcription 

factors MyoD or myf-5 preferentially activate the 
fast MHC IIb isoform gene while calcineurin 
preferentially activates the intermediate MHC IIa 
isoform gene in vitro (Allen et al., 2001). In 
addition, we found that an ERK1/2 pathway 
blockade caused significant upregulation of the 
MHC IIa and IIb isoforms (see Figure 2; Higginson 
et al., 2002). 
 
Mitochondrial biogenensis: Co-ordination of 
nuclear and mitochondrial gene expression 
One key adaptation to endurance exercise is an 
increase in oxidative capacity. The skeletal muscle 
contribution to this change is a higher mitochondrial 
content as a result of increased mitochondrial 
biogenensis (Holloszy and Coyle, 1984). 
Mitochondrial biogenesis involves the parallel 
expression of genes that are encoded in the nuclear 
and mitochondrial DNA. In addition, the 
mitochondrial DNA needs to be replicated so that 
each new mitochondrion has its own DNA copies. 
Exercise-induced mitochondrial biogenesis can be 
described as a four-step process: (1) The initial step 
involves the activation of signal transduction 
pathways by exercise and the activation or 
expression of transcription factors that regulate the 
expression of genes encoding mitochondrial 
proteins. Both the AMPK and CaMK signal 
transduction pathways are believed to be 
contraction-responsive and have been shown to 
regulate the expression of mitochondrial 
transcription factors and increase mitochondrial 
biogenesis. AMPK is activated by AMP and 
inhibited by phosphocreatine (Winder and Hardie, 
1996). Activated AMPK is likely to be responsible 
for increases in NRF-1, cytochrome c and 
mitochondrial density, suggesting that AMPK 
activates mitochondrial biogenesis when cellular 
energy metabolism is stressed (Bergeron et al., 
2001). In addition, transgenic mice with 
constitutively active CaMK IV showed increased 
mitochondrial DNA replication and mitochondrial 
biogenesis (Wu et al., 2002). Constitutively active 
CaMK IV also increased the expression of the 
coactivator PGC-1 which is a key mediator of 
mitochondrial biogenensis (Wu et al., 2002). 
However, the CaMK IV isoform is not normally 
expressed in skeletal muscle (Means et al., 1997) 
and therefore, these results have to be interpreted 
with care. Two other studies show that PGC-1 is 
upregulated as a result of exercise and that 
pharmacological activation of AMPK does increase 
PGC-1 expression as well (Goto et al., 2000; Terada 
et al., 2002) suggesting that PGC-1 can be activated 
by more than one contraction-responsive signal 
transduction pathway. Finally, overexpression of the 
transcription factor PGC-1 upregulates not only 
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mitochondrial genes but also extramitochondrial 
genes such as myoglobin and slow troponin (Lin et 
al., 2002) indicating a wider role for PGC-1 in the 
adaptation to endurance exercise. (2) In the second 
step, genes for mitochondrial proteins encoded in 
nuclear DNA need to be expressed. Specific 
transcription factors activate the expression of 
mitochondrial proteins encoded in the nucleus. 
Examples for these transcription factors are NRF-1, 
NRF-2 (Scarpulla, 1997) which are both induced by 
PGC-1 (Wu et al., 1999) and other transcription 
factors such as c-jun, c-fos and the ubiquitous Sp1 
(Hood et al., 2000). (3) Thereafter, the genes in the 
mitochondrial DNA need to be expressed and the 
mitochondrial DNA needs to be replicated. It has 
been shown that the mitochondrial transcription 
factor TFAM is capable of activating mitochondrial 
DNA replication and expression (Parisi and Clayton, 
1991). TFAM expression increases as a response to 
chronic exercise, suggesting that TFAM is indeed 
involved in activation of mitochondrial biogenensis 
as a result of endurance exercise (Gordon et al., 
2001). TFAM knock-out mouse embryos die 
because of a complete absence of oxidative 
phosphorylation and a severe depletion of 
mitochondrial DNA, highlighting the essential role 
of TFAM in mitochondrial DNA replication 
(Larsson et al., 1998). In addition, the mitochondrial 
transcription factors TFB1M and TFB2M have 
recently been shown to be necessary for 
transcription of mammalian mitochondrial DNA and 
they interact with the mitochondrial RNA 
polymerase (Falkenberg et al., 2002) (4) Finally, 
mitochondrial proteins encoded in the nucleus need 
to be imported into the nascent mitochondria and 
protein complexes that sometimes consist of 
mitochondrion-encoded and nucleus-encoded 
proteins need to be assembled (Poyton and McEwen, 
1996). These four steps are necessary for the 
increase in mitochondrial density that is a well-
known result of chronic endurance exercise. 
 
Satellite cell activation: Key role in skeletal muscle 
injury repair and hypertrophy 
Skeletal muscle fibres are very large cells with 
hundreds of nuclei that are derived through fusion of 
mononucleated, myogenic cells during muscle 
development which is also called myogenesis. The 
nuclei in mature skeletal muscle fibres are unable to 
replicate and therefore, nuclei and DNA content 
would be “diluted” in hypertrophying fibres if there 
was no mechanism to increase the number of nuclei 
parallel to the growth of the fibre. There is, however, 
an alternative mechanism that is able to increase the 
number of nuclei in skeletal muscle fibres during 
injury repair or hypertrophy. This mechanism 
involves mononucleated muscle stem cells termed 

satellite cells by Mauro (1961). Satellite cells can be 
found under the basement membrane of muscle 
fibres. Satellite cells are usually dormant but they 
start to proliferate and donate their nuclei to existing 
muscle fibres in a response to growth factors such as 
FGF and IGF-1 (Bischoff, 1994). Satellite cells are 
likely to be pre-differentiated towards the fibre 
phenotype of the fibre because satellite cells derived 
from predominantly fast and slow avian and mouse 
skeletal muscle do exhibit fast and slow features 
when cultured in vitro (Feldman and Stockdale, 
1991; Rosenblatt et al., 1996). Satellite cell 
proliferation is essential for skeletal muscle 
hypertrophy because muscle hypertrophy does not 
occur if satellite cells are sterilized by irradiation 
(Rosenblatt et al., 1994). It is likely that the negative 
skeletal muscle growth factor myostatin plays an 
important role in the regulation of satellite cell 
proliferation (Thomas et al., 2000). Myostatin 
knock-out mice show pronounced skeletal muscle 
hypertrophy and hyperplasia (McPherron et al., 
1997). Myostatin does respond to changes in 
contractile activity as shown by studies 
demonstrating a myostatin increase in human muscle 
atrophy (Reardon et al., 2001) and downregulation 
in regenerating muscle fibres (Kirk et al., 2000; 
Mendler et al., 2000). Myostatin prevents myoblast 
proliferation (Thomas et al., 2000) and it is therefore 
an attractive hypothesis that hypertrophy training 
causes a decrease in myostatin expression which in 
turn relieves the myostatin breaking/inhibitory effect 
on satellite cell proliferation. The regulatory DNA 
regions in the vicinity of the myostatin gene include 
enhancers and silencers responsive to 
glucocorticoid, androgen and thyroid hormones, 
myogenic differentiation factor 1, MEF2 2, 
peroxisome proliferator-activated receptor and NF-
κB (Ma et al., 2001). This suggests that several 
known skeletal muscle growth pathways regulate 
atrophy/hypertrophy via controlling the expression 
of myostatin. It has been argued that satellite cells 
are also involved in adaptation to endurance exercise 
(Yan, 2000) especially if apoptosis (Podhorska-
Okolow et al., 1998) or necrosis occur (Hikida et al., 
1983) as a result of the exercise and injury repair is 
necessary. In addition, bupivacaine hydrochloride 
induced muscle injury and chronic electrical 
stimulation cause a greater fast-to-slow fibre type 
change than chronic electrical stimulation alone 
(Takahashi et al., 1993). An explanation for this 
finding might be that the increased involvement of 
satellite cells may accelerate adaptation because new 
nuclei donated by fused satellite cells are 
increasingly expressing a different set of genes. 
Finally, bone-marrow derived cells are also capable 
of donating nuclei during muscle fibre repair (Ferrari 
et al., 1998) indicating that non-muscle adult stem 
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cells can transdifferentiate into skeletal muscle and 
contribute to its regeneration. 
 
CONCLUSIONS 
 
There is growing evidence that adaptation to 
exercise is not mediated by one signal transduction 
pathway as has been previously proposed by (Chin 
et al., 1998). Instead, the key features that 
characterise exercise induced signal transduction and 
gene regulation are: 
 
1) It is likely that the signals and stresses 

associated with exercise do specifically 
activate a network of signal transduction 
pathways that integrates this information.  

2) Exercise induced gene regulation in skeletal 
muscle may involve the activation of 
transcription factors by more than one signal 
transduction pathway or mechanism. Skeletal 
muscle genes are regulated via combinatorial 
control usually exerted by several 
transcription factors binding to enhancers and 
silencers. A control of gene clusters by locus 
control regions is possible. 

3) Adaptation to exercise involves diverse 
regulatory mechanisms, including the 
regulation of mitochondrial biogenesis and 
satellite cell activation. 
 
The complexity of signalling and gene 

regulation that characterizes the exercise response 
has been discussed as a general feature of regulation 
in higher eukaryotes by Ptashne and Gann (2002). 
Research strategies need to address this complexity. 
Therefore, methods that allow the assessment of the 
activation status of numerous signal transduction 
pathways or microarrays that allow the investigation 
of the expression of thousands of genes (Campbell et 
al., 2001) will be key methods in this field. 
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GLOSSARY OF TERMS 
 
Apoptosis: Programmed cell death (cellular suicide) as 
opposed to uncontrolled death as a result of injury. 
Cross-talk: Signal transduction between two distinct 
signal transduction pathways. E. g. if a kinase in signal 
transduction pathway A is also able to phosphorylate a 
kinase in a different signal transduction pathway. 
Enhancer, silencer: DNA sequence where transcription 
factors bind to and either increase (enhancer) or decrease 
(silencer) transcription of a gene (examples are E-boxes, 
TATA boxes and AT-rich regions). 
Histone: Proteins that regulate DNA packaging  
Kinase: An enzyme that adds a phosphate group to 
another molecule. 
Myostatin: Negative skeletal muscle growth factor 
mRNA: messenger RNA encodes a protein (amino acid 
sequence) and is essentially a copy of a gene (a gene 
codes a protein). 
Phosphatase: An enzyme that dephosphorylates another 
molecule. 
Translation: Synthesis of a protein (amino acid sequence) 
on a template of mRNA. 
Transcription: Synthesis of mRNA on a template of 
DNA is a first step during protein synthesis. 
Transcription factor: Proteins that regulate transcription 
by binding to specific DNA sequences. 
 
ABBREVIATIONS 
AMPK; AMP-dependent protein kinase (signal 
transduction kinase). 
AKT (PKB); AKT kinase or Protein kinase B (signal 
transduction kinase). 

CaMK; Calcium/calmodulin-dependent protein kinase 
(signal transduction kinase). 
c-jun, c-fos, Sp1; Transcription factors. 
ERK; Extracellular signal regulated kinase (signal 
transduction kinase, translocates into nucleus when 
phosphorylated) 
FGF; Fibroblast growth factor (growth factor). 
GLUT4; Glucose transporter 4. 
IGF-1; Insulin-like growth factor 1 (growth factor). 
JNK; c-Jun-Amino terminal kinase (signal transduction 
kinase, translocates into nucleus when phosphorylated). 
MAPK; Mitogen-activated protein kinase (class of signal 
transduction kinases; ERK, p38 and JNK belong to this 
class). 
MEF2; Myocyte enhancer factor-2 (transcription factor). 
MEK1; MAPK/ERK kinase (signal transduction kinase 
upstream ERK1/2). 
MHC; Myosin heavy chain; major subunit of the myosin 
contractile protein. Several isoforms exist and determine 
the contraction speed of skeletal muscle fibres.  
MRF; Myogenic regulatory factors (class of proteins that 
control muscle development; MyoD, Myf-5, myogenin 
and MRF4 proteins are MRFs). 
mTOR; Mammalian target of rampamycin (signal 
transduction kinase; rampamycin, a pharmacological 
inhibitor, blocks mTOR). 
NFAT; Nuclear factor of activated T cells (transcription 
factor that translocates into the nucleus and activates 
genes when dephosphorylated). 
NF-κB; Nuclear factor kappa B (transcription factor that 
translocates into nucleus when activated) 
NRF-1, NRF-2; Nuclear respiratory factor (regulatory 
protein involved in mitochondrial biogenesis). 
PGC-1; Peroxisome proliferator-activated receptor 
gamma coactivator 1 (regulatory protein involved in 
mitochondrial biogenesis). 
PI3K; Phosphoinositide 3 kinase (signal transduction 
kinase). 
PKC; Protein kinase C (signal transduction kinase). 
PPAR; Peroxisome proliferator-activated receptor 
(nuclear receptor). 
p38; p38 mitogen activated protein kinase (signal 
transduction kinase, translocates into nucleus when 
phosphorylated). 
TFAM; Mitochondrial transcription factor A (regulatory 
protein involved in mitochondrial biogenesis). 
TFB1M, TFB2M; Mitochondrial transcription factors B1 
and B2 (regulatory proteins involved in mitochondrial 
biogenesis). 
TNFα;  Tumour necrosis factor α . 
 
 


