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Chapter 1

Muscle cell differentiation and growth

1. Introduction

The development of muscle tissue, or myogenesis, involves a sequence of
complex cellular changes including commitment of cells to a muscle lineage,
withdrawal of precursor myoblasts from the cell cycle, cell fusion to form
multinucleated cells and expression of muscle-specific genes (Fig. 1.1).
These different events are thought to be regulated independently but are
coordinated to produce multinucleated, elongated myofibres containing large
amounts of muscle- and fibre type-specific forms of proteins such as actin,

myosin and creatine kinase (Hesketh & Whitelaw, 1992).

Differentiation Growth
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Stem cell —> Myoblast Myotube — Myofibre —> myofibre
Q Contractile
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Fig. 1.1. Sequence of events in myogenic cell development and growth (Adapted
from Hesketh & Whitelaw, 1992).

In this first chapter, a summary of the current knowledge on the regulation of
muscle cell differentiation and growth will be presented as well as the
influence of nutrients and contractile activity on both processes. As some
notions of the regulation of protein synthesis and degradation will help to
understand muscle cell differentiation, the latter will be developed after

having described the process of muscle growth.
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2. Muscle cell growth

During life, muscle mass undergoes many changes in terms of quantity and
quality. Skeletal muscle is a dynamic tissue able to hypertrophy and to
atrophy according to the nutrient state and the physical activity. Muscle mass
accretion or loss results from net protein balance. If protein synthesis
exceeds protein breakdown, proteins will accumulate and muscle mass will
increase. Inversely, if protein synthesis is less than breakdown, loss of
muscle mass will occur. To understand how muscle mass is affected, it is

important to clarify the regulation of both protein synthesis and breakdown.

2.1. Protein synthesis
2.1.1. From gene to protein (Fig. 1.2)
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Fig. 1.2. Schematic representation of transcription and translation
(Givens & Reiss, 1996).
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Transcription

Before the synthesis of a protein begins, the corresponding RNA molecule is
produced by RNA transcription. One strand of the DNA double helix is used
as a template by the RNA polymerase to synthesize a messenger RNA
(mRNA). This mRNA migrates from the nucleus to the cytoplasm. During
this step, mRNA goes through different types of maturation including the
splicing where the non-coding sequences are eliminated. The coding mRNA

sequence can be described as a unit of three nucleotides called a codon.

Translation

The ribosome binds to the mRNA at the start codon AUG that is recognized
only by the initiator methionyl-tRNA. The ribosome proceeds to the
elongation phase. During this stage, complexes, composed of an amino acid
linked to tRNA, sequentially bind to the appropriate codon in mRNA by
forming complementary base pairs with the tRNA anticodon. The ribosome
moves from codon to codon along the mRNA. Amino acids are added one
by one, translated into polypeptidic sequences dictated by DNA and
represented by mRNA. At the end, a release factor binds to the stop codon,

terminating translation and releasing the polypeptide from the ribosome.

2.1.2. Protein synthesis regulation

Any component of gene expression can potentially be regulated: chemical
and structural modifications of DNA or chromatin, transcription and post-
transcriptional modifications, mRNA stability, translational and post-

translational modifications.

Transcription
Regulation of transcription controls when transcription occurs and how
much RNA is created. Transcription of a gene by RNA polymerase can be

regulated by at least five mechanisms (Raven et al., 2004):


http://www.accessexcellence.org/RC/VL/GG/trans_of.html
http://en.wikipedia.org/wiki/RNA_polymerase
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1. Specificity factors alter the specificity of RNA polymerase for a
given promoter or set of promoters, making it more or less likely to

bind to them.

2. Repressors bind to non-coding sequences on the DNA strand that are
close to or overlapping the promoter region, impeding the progress
of RNA polymerase along the strand, thus impeding the expression
of the gene.

3. Basal transcription factors position RNA polymerase at the start of a
protein-coding sequence and then release the polymerase to

transcribe the mRNA.

4. Activators enhance the interaction between RNA polymerase and a
particular promoter, favouring the expression of the gene. Activators
do this by increasing the attraction of RNA polymerase for the
promoter, through interactions with subunits of the RNA polymerase

or by changing the structure of the DNA.

5. Enhancers are sites on the DNA helix that are bound to by activators
in order to loop the DNA bringing a specific promoter to the

initiation complex.

The regulation of most genes is regulated primarily at the level of
transcription rather than translation. This transcriptional regulation is
mediated by transcription factors, which generally simultaneously bind DNA
and RNA polymerase, as well as other agents necessary for the transcription
process. Transcription factors, and their cofactors, can be regulated through
reversible structural alterations such as phosphorylation or inactivated
through mechanisms such as proteolysis. Specific muscular transcription
factors, namely the myogenic regulatory factors (MRFs), have been

discovered (Puri & Sartorelli, 2000) and will be detailed in the next section.


http://en.wikipedia.org/wiki/Specificity_factor
http://en.wikipedia.org/wiki/Promoter
http://en.wikipedia.org/wiki/Repressor
http://en.wikipedia.org/w/index.php?title=Basal_factors&action=edit
http://en.wikipedia.org/wiki/Activator_%28genetics%29
http://en.wikipedia.org/wiki/Promoter
http://en.wikipedia.org/wiki/Enhancer
http://en.wikipedia.org/wiki/Phosphorylation
http://en.wikipedia.org/wiki/Proteolysis
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Transcription is initiated at the promoter site as an increase in the amount of
an active transcription factor binds a target DNA sequence. Other proteins,
known as scaffolding proteins bind other cofactors and hold them in place.
DNA sequences far from the point of initiation, known as enhancers, can aid
in the assembly of this transcription machinery. The latter will not be further
detailed since the current work will essentially report data on the
translational machinery, which will be described in details in the next

paragraph.

Frequently, extracellular signals induce the expression of immediate early
genes (IEGs) such as c-fos, c-jun, or AP-1 (activating protein-1). These are
in and of themselves transcription factors or components thereof, and can

further influence gene expression.

Post-transcription and mRNA stability
Two classes of short RNA molecules, small interfering RNA (siRNA) and
microRNA (miRNA), have been identified as sequence-specific post-

transcriptional regulators of gene expression (Tang, 2005).

Pri-microRNA transcripts are first processed into ~70-nucleotide pre-
miRNAs with imperfect stem-loop by Drosha inside the nucleus. Pre-
miRNAs are transported to the cytoplasm by Exportin 5 and are processed
into miRNA:miRNA* duplexes by Dicer, a multidomain enzyme of the

RNase III family (Fig. 1.3).

Dicer also processes long double-stranded RNA (dsRNA) molecules into
small interfering RNA (siRNA) duplexes. The nascent siRNAs and miRNAs
are double-stranded duplexes. These duplexes need to be unwound before
they can be assembled into an RNA-induced silencing complex (RISC).
Only one strand (~21-25 nucleotides) of the miRNA:miRNA* duplex or the
siRNA duplex is preferentially assembled into the RISC, which subsequently


http://en.wikipedia.org/wiki/Promoter_site
http://en.wikipedia.org/wiki/Enhancers
http://en.wikipedia.org/wiki/Immediate_early_gene
http://en.wikipedia.org/wiki/Immediate_early_gene
http://en.wikipedia.org/wiki/C-fos
http://en.wikipedia.org/wiki/C-jun
http://en.wikipedia.org/wiki/AP-1_%28transcription_factor%29
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acts on its target by translational repression or mRNA cleavage, depending,
at least in part, on the level of complementarity between the small RNA and

its target (He & Hannon, 2004).
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Fig. 1.3. Model for the biogenesis and post-transcriptional suppression of
microRNAs and small interfering RNAs. ORF, open reading frame. (Adapted from
He & Hannon, 2007)

In vitro and in vivo biochemical studies have shown that a siRISC can
function as a miRISC to repress translation of the target mRNA; similarly, a
miRISC can function as a siRISC to cleave the target mRNA. This
functional interchangeability between a siRISC and miRISC argues that
siRISCs and miRISCs are highly similar (Zeng et al., 2003) although
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evidence suggests that they are distinct types of complex. siRNA and
miRNA programmed RISCs have distinct targeting functions in cells. Many
endogenous miRNAs and their RISCs are genetically programmed to
regulate gene expression and thus are important for the growth and
development of an organism (Rhoades et al., 2002). This point will be
discussed in the third section of this chapter. By contrast, siRNAs are
produced from dsRNA that are often synthesized in vitro and in vivo from
viruses or repetitive sequences introduced by genetic engineering (Hannon,
2002; Pfeffer et al., 2004). In addition, dSRNA can be produced from
endogenously activated transposons (Tabara et al., 1999). In summary,
siRNAs have been proposed to function in antiviral defense, silencing
mRNAs that are overproduced or translationally aborted and guarding the

genome form disruption by transposons.

Translation

The translation rate may be regulated by rapid changes within a few minutes.
In this case, it implicates the activity or association of components of the
translational machinery, which are primarily mediated by changes in the
states of phosphorylation of translation factors and specific RNA-binding
proteins. Over the longer term, hours to days, the control of protein synthesis
involves changes in the cellular levels of translation factors and ribosomes

(Proud, 2007).

The process of translation is divided into three stages: initiation, elongation
and termination. Each stage requires translation factors that transiently
associate with the ribosome. These factors are called eukaryotic initiation
(elFs), elongation (eEFs) and termination or release factors (eRFs). The
regulation of the translation phase mainly occurs at the level of the initiation

and elongation (Fig. 1.4).
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Fig 1.4. Overview of the control of translation by signal transduction pathways.
MKKK, mitogen-activated protein kinase kinase kinase; MKK, mitogen-activated
protein kinase kinase; MEK, extracellular signal-regulated kinase kinase; ERK1/2,
extracellular signal-regulated kinase 1/2; PI3K, phosphatidylinositol 3 kinase; PKB,
protein kinase B; mTOR, mammalian target of rapamycin; raptor, regulatory
associated protein of mTOR; rictor, rapamycin-insensitive companion of mTOR;
p90”SX, 90kDa ribosomal protein S6 kinase; Mnks, mitogen-activated protein kinase
signal-integrating kinases; MK2, mitogen-activated protein kinase-activated protein
kinase-2; GSK3, glycogen synthase kinase 3; TSC1/2, tumor sclerosis complex 1/2;
AMPK, adenosine monophosphate-activated protein kinase; raptor, regulatory
associated protein to mTOR; elF4E, eukaryotic initiation factor 4E; 4E-BP1,
eukaryotic initiation factor 4E-binding protein; eIlF4G, eukaryotic initiation factor
4G; elF4A, eukaryotic initiation factor 4A; elF4F, eukaryotic initiation factor 4F;
p70°%, 70kDa ribosomal protein S6 kinase; S6, ribosomal protein S6; eEF2K,
eukaryotic elongation factor 2 kinase; eEF2, eukaryotic elongation factor 2; DYRK,
dual-specificity tyrosine-phosphorylated and -regulated kinase; elF2, eukaryotic
initiation factor 2; eIF2B, eukaryotic initiation factor 2B; RNA-BPs, RNA-binding
proteins; ARE-mRNAs, AU-rich element-mRNAs; 5’-TOP mRNAs, 5' terminal
oligopyrimidine mRNAs (Adapted from Proud, 2007).
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The translation machinery

The initiation stage of translation involves the recruitment of the 40S
ribosomal subunit to the mRNA and the identification of the start codon.
Several major events are involved in this process, including the recruitment
of methionyl-tRNA to the 40S subunit. elF2 (eukaryotic initiation factor 2)
is a heterotrimeric GTP-binding protein which binds methionyl-tRNA only
in its GTP-bound state (Fig. 1.5). The GTP is hydrolysed during the
initiation process and elF2 leaves the 40S subunit as inactive elF2-GDP.
Regeneration of active elF2-GTP requires a GEF (guanosine exchange
factor) called elF2B, a heteropentamer (0-¢) (Hinnebusch, 2000). The alpha
subunit of eIF2 is subject to regulatory phosphorylation. When
phosphorylated, it acts as a competitive inhibitor of eIF2B, blocking
recycling of eIF2 and inhibiting translation initiation (Proud, 2007).

binﬂgﬁ%ﬁ;ex — =~ elF2.GTP —— eIF2:GTPMettRNA

ternary complex

GTP GDP Met4RNA,
ATP 40S
ribosomal
subunit
ADP
elF2a(P)-GDP-elF2B 43S preinitiation
inactive complex complex

Fig 1.5. Control of elF2 (Adapted from Webb & Proud, 1997).

Another initiation factor playing a key role in the regulation of protein
synthesis is eIF4E (eukaryotic initiation factor 4E) (Fig. 1.6). It binds the 5°-
cap structure of the mRNA. The 5' cap is a specially altered nucleotide end
to the 5' end of precursor mRNA. The process of 5' capping in the nucleus is
vital to creating mature mRNA which is then able to undergo translation.
elF4E may be phosphorylated by Mnk1/2 (mitogen-activated protein kinase
signal-integrating kinases 1/2) resulting in a decreased affinity for capped
RNA (Joshi et al., 1995). elFAE also binds a number of protein partners

including elF4G, a multidomain scaffold protein which interacts with other


http://en.wikipedia.org/wiki/Nucleotide
http://en.wikipedia.org/wiki/5%27_end
http://en.wikipedia.org/wiki/Precursor_messenger_RNA
http://en.wikipedia.org/wiki/Mature_messenger_RNA
http://en.wikipedia.org/wiki/Messenger_RNA
http://en.wikipedia.org/wiki/Translation_%28genetics%29
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components of the translational machinery such as eIF4A. The
elF4A-elF4E-eIFAG complex is usually referred to elF4F (Mader et al.,
1995). The biological activity of elF4E can be regulated by a set of 4E-BPs
(eIF4E-binding proteins). By binding eIF4E, the 4E-BPs block its interaction
with elF4G, thereby making eIF4E unavailable for initiation complex
formation (Mader et al., 1995; Gingras et al., 1999). The regulation of elF4E
by 4E-BPs is described in chapter 2.

PABP @
@
EXB TOR PABP
R @ T, @

NOOE
%J
elF4F

Fig. 1.6. Control of elF4F initiation complex (Adapted from Proud, 2007).

Peptide-chain elongation requires two eEFs. eEF1 binds GTP and recruits
aminoacyl-tRNAs to the A-site of the ribosome to match the codon located
in that site. It is actually eEF1A that does this, whereas eEF1B acts as the
GEF for eEF1A (Proud, 2007). eEF2 is a monomer that binds GTP and
mediates the translocation step of elongation where the ribosome moves by
one codon relative to the mRNA and the peptidyl-tRNA moves from the A-
to the P-site (Jorgensen et al., 2006). The phosphorylation of eEF2 impairs
the interaction of eEF2 with the ribosome, thus inactivating it (Carlberg et

al., 1990).

Phosphorylation is catalysed by a highly specific enzyme, eEF2 Kkinase,
which is dependent upon calcium and calmodulin for activity (Herbert &
Proud, 2006) and is inhibited by several kinases like p70°* (p70 ribosomal
S6 kinase) (Wang et al., 2001b), p90*** (p90 ribosomal S6 kinase) (Wang et
al., 2001b) and p38 MAPK (Knebel et al., 2001). It is of note that the
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majority of the energy used in translation is consumed during elongation.
The ability of calcium ions to activate eEF2 kinase and inhibit eEF2 may
lead to a reduction in the rate of elongation to decrease energy utilization in

contracting muscle, which requires energy (Proud, 2007).

Certain ribosomal proteins are phosphorylated within cells. The best-known
of these is S6 which is phosphorylated by S6Ks (S6 kinases). In addition to
S6, other substrates for S6Ks have been identified, eIF4B (Raught et al.,
2004; Holz et al., 2005) and eEF2 kinase (Wang et al., 2001b). See chapter 2

for more details.

Upstream signalling to the translational machinery (Fig. 1.4)

The PI3K (phosphatidylinositol 3 kinase) plays a key role in signalling
downstream of a wide variety of receptors, including those for insulin and
insulin-like growth factors. Activation of PI3K activates effectors such as
PKB (protein kinase B also termed Akt). One substrate of PKB is GSK3
(glycogen synthase kinase 3). PKB phosphorylates both GSK3 isoforms (o
and P) at their N-termini, inhibiting their activity against certain substrates,
including elF2Be (Welsh & Proud, 1993) which needs to be phosphorylated
by members of the DYRK (dual-specificity tyrosine-phosphorylated and -
regulated kinase) group of enzymes before being phosphorylated by GSK3
(Woods et al., 2001). The phosphorylation of elF2B by GSK3 inhibits its
activity (Welsh et al., 1998). Other regulatory inputs seem to be important to
activate elF2B like those from amino acids (Campbell et al., 1999) and from
ERK (extracellular signal-regulated kinase) signalling (Quevedo et al.,
2000). The input from ERK to the control of elF2B appears to be mediated
via activation of PP1 (protein phosphatase 1) (Quevedo et al., 2000). The N-
terminal site in GSK3 can also be phosphorylated by p90"** which lies
downstream of ERK signalling (Quevedo et al., 2003).
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Another substrate of PKB is mTOR (mammalian target of rapamycin).
Since the regulation of mTOR by TSC1/TSC2 (tumor sclerosis complex 1
and 2), Rheb (Ras homolog enriched in brain) and AMPK (AMP-activated
protein kinase) as well as the activation of its downstream targets, p70** and
4E-BP1, will be extensively described in the second chapter of this work,
they will not be further detailed at this level.

In addition to the PI3K pathway, the ERK and the p38 MAPK pathways
also play a role in the control of the translational machinery. ERK activates
members of the p90"™* group of kinases (RSKI1-RSK4, ribosomal S6
kinases 1-4), which phosphorylate several translation factors or their
regulators. The p90"*** may provide a link between Ras/Raf/MEK/ERK
signalling and the activation of mTOR since they can phosphorylate TSC2 at
a C-terminal site (Rolfe ez al., 2005) and RSK-mediated phosphorylation of

TSC2 leads to activation of mTOR. Moreover, p90RSK

phosphorylate at least
two other proteins that are involved in translational control, eEF2k and

p70°* (Wang et al., 2001b).

p38 MAPK activates MK-2 (or MAPKAPK-2, MAPK-activated protein
kinase-2), which regulates the stability of mRNAs, probably via the
phosphorylation of ARE (AU-rich element)-binding proteins (Dean et al.,
2004).

Recent data suggest that Mnks may be important in controlling mRNA
function at post-transcriptional levels, such as RNA stability or translation
(Buxade et al., 2005). Mnk 1 and 2 are activated by phosphorylation by
either ERK1/2 or by p38 (Fukunaga & Hunter, 1997; Waskiewicz et al.,
1997). They bind through a region in the N-termini to the C-terminus of
elF4G and mediate elF4E phosphorylation in vivo (Pyronnet et al., 1999;
Ueda et al., 2004). The role of the phosphorylation of eI[F4E in mammals

remains unclear. By weakening the interaction of elF4E with the cap,
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phosphorylation of eIF4E may allow the elF4F complex to detach from the
5’-cap during scanning, perhaps accelerating this process or allowing a
second initiation complex to bind to the mRNA. Alternatively,
phosphorylation of elF4E may allow it to disengage from mRNAs that are
already being translated in order to bind to others that have arrived recently
in the cytoplasm or have perhaps been translationally derepressed to allow

their translation (Proud, 2007).

The initiation and elongation stages of translation are controlled by many
regulatory inputs but their quantitative importance for the overall regulation
of protein synthesis is not yet established and may vary between cell types
and between stimuli. The fourth part of this introduction will present the role
of nutrients and exercise in the regulation of translation and protein
synthesis. But, as mentioned above, net protein balance results from both
protein synthesis and protein degradation. The next section will thus present

the 3 main proteolytic pathways in skeletal muscle.

2.2. Protein degradation

If detailed information is available on the mechanisms that regulate protein
synthesis in muscle, much less is known about proteolysis. Current findings
suggest that protein degradation is supported by three major proteolytic
systems in skeletal muscle (Fig. 1.7): the calcium-dependent calpain (Zeman
et al., 1985), the lysosomal protease/cathepsins (Bird et al., 1980) and the
ubiquitin-proteasome systems (Fagan et al, 1987). Evidence has
accumulated that these three systems work as partners during muscle

proteolysis rather than independently.
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Fig. 1.7. The proteolytic systems implicated in muscle atrophy: the calcium-
dependent calpain (A), the lysosomal protease (B) and the ubiquitin-proteasome
systems (C) (Adapted from Jackman & Kandarian, 2004).

2.2.1. Calcium-dependent calpain system

At least half of total muscle protein is myofibrillar protein. The bulk of
myofibrillar proteolysis involves the ubiquitin-proteasome pathway, but the
latter cannot degrade intact myofibrils (Taillandier et al., 1996; Solomon et
al., 1998). Titin, vinculin, nebulin and other proteins involved in the
assembly and scaffolding of myofibrillar proteins are known calpain
substrates (Huang & Forsberg, 1998), whereas calpains are unable to
degrade the myofibrillar proteins actin and myosin (Thompson & Palmer,
1998). These findings have led to the idea that calpains are involved in
myofibrillar disassembly, the earliest event in muscle-specific protein

degradation.
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Recently, caspases, proteins involved in apoptosis that have specific
proteolytic activity, have been shown to have a role in muscle atrophy (Du et
al., 2004). Similarly to calpains, caspases have been proposed to have a role
in the initial step in myofibrillar proteolysis by cleavage of actomyosin,
making myofibrillar proteins available for ubiquitination (Jackman &

Kandarian, 2004).

2.2.2. Lysosomal system

Cathepsins likely do not degrade cytosolic nor myofibrillar proteins, but
rather membrane proteins, including receptors, ligands, channels and
transporters (Mayer, 2000). The membrane-associated proteins degraded by
lysosomal pathways will not contribute significantly to the bulk of total
muscle protein resulting from catabolism. However, they may represent key
proteins involved in the atrophied muscle phenotype (Jackman & Kandarian,

2004).

It seems that the lysosomal and ubiquitin-proteasomal systems also work
together to degrade specific protein substrates (Hershko & Ciechanover,
1998). Several receptors and ion channels are ubiquitinated and then
degraded by either the lysosomal or the proteasomal system. The signal that
determines which of these pathways is used is the type of ubiquitin
modification that occurs. If a protein is ubiquitinated by a polyubiquitin
chain, then it is degraded by the proteasome. If the protein substrate is mono-
or diubiquitinated, it is degraded by internalization and transport to the
lysosome. It is not recognized by the proteasome because of the lack of the
polyubiquitin chain (Jackman & Kandarian, 2004). In summary,
monoubiquitination of membrane associated proteins leads to degradation by

the lysosomal pathway and polyubiquitination to proteasomal degradation.
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2.2.3. Ubiquitin-proteasome system

Covalent attachment of a polyubiquitin chain to the substrate

The process of substrate polyubiquitination involves a cooperative
interaction of at least three classes of proteins termed E1 (ubiquitin
activating), E2 (ubiquitin conjugating) and E3 (ubiquitin ligating) enzymes
(Glickman & Ciechanover, 2002). Recently, attention has been paid to the
increased expression of ubiquitin protein ligases in muscle disuse and
atrophy, because they have the greatest tissue and substrate specificity in
comparison with other proteins involved in ubiquitinating protein substrates.
The two most studied are the ubiquitin ligases atrogin-1 or MAFbx (muscle
specific F-box) and MuRF1 (muscle ring finger 1) which are both
upregulated with atrophy (Bodine et al., 2001). Muscle atrophy also leads to
increased levels of Nedd4 and Mdm?2, two other ubiquitin ligases that have
specificity for IGF-IR (insulin-like growth factor 1 receptor) (Rotin et al.,
2001; Girnita et al., 2003).

Specific recognition of the polyubiquitin degradation signal and
subsequent breakdown of the targeted protein by the 26S proteasome

20S Proteasome 26S Proteasome

ATP © Recycled

biquitinated °.°°ubiquitin

‘I‘SUb““its\ protein

19S Regulatory

Cataly_tically ATP subunit:
active L ﬁ substrate recognition
ﬁ—subunl_ts protein unfolding and
(chymatryptic removal of ubiquitin
tryptic and

PGPH activities)

Heptameric rings
o ©°

Small
peptides

Fig. 1.8. Structure of the proteasome machinery
(http://www.benbest.com/lifeext/aging.html, 11/09/2007).
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The 26S proteasome is formed by the association of the 20S proteasome
with two 19S regulatory complexes (Fig. 1.8). The 20S proteasome is the
core of the proteolytic machinery. This barrel-shaped particle is organised as
a pile of four rings, each ring containing seven subunits. The non-catalytic a-
subunits form the two outer rings and the catalytic B-subunits form the two
inner rings. The B-subunit active sites are located inside the cylinder so that
the proteasome is a self-compartmentalising protease, as substrates must
enter the catalytic chamber delimited by the B-rings to be degraded into
peptides. The 20S proteasome contains at least two chymotrypsin-, two
trypsin- and two caspase-like active sites. 19S complexes bind to both outer
a-rings of the 20S proteasome. The o-rings contain ATPase subunits that
provide energy for assembly of the 26S proteasome, gating of the 20S
proteasome channel, unfolding and injection of protein substrates into the

catalytic chamber, proteolysis and energy for peptide release.

2.2.4. Protein degradation regulation

Protein degradation in muscle functions in maintaining normal physiological
homeostasis and is required for muscle atrophy in various pathological
states. The intracellular events that connect extracellular signals to the
molecular control of protein degradation are incompletely understood, but
likely involve interacting signal transduction networks rather than isolated

pathways (Fig. 1.9).

The control of the degradation rate per se is likely accomplished in two
distinct ways: in the short-term, by controlling the enzymatic activities of
proteases and/or the access of substrates to these proteases, and in the long-
term by controlling, at both transcriptional and translational levels, the
synthesis of the proteases and their accessory enzymes (Szewczyk &

Jacobson, 2005).
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Several expression screening studies, designed to identify markers of the
atrophy process, have identified two genes the expression of which increased
significantly in multiple models of skeletal muscle atrophy: the E3 ubiquitin
ligases MuRF1 and MAFbx, the latter being also called Atrogin-1 (Bodine et
al., 2001; Gomes et al., 2001; Dehoux et al., 2003). MuRF1 encodes a
protein which contains three domains: a RING-finger domain (Borden &
Freemont, 1996), which is required for ubiquitin ligase activity (Kamura et
al., 1999); a “B-box”, the function of which is unclear, and a “coiled-coil
domain”, which may be required for the formation of heterodimers between
MuRF1 and a related protein, MuRF2 (Centner et al., 2001). MuRF1 has
been suggested to act by degrading components of the contractile apparatus,
as it can induce the ubiquitination of the cardiac form of troponin I (Kedar et
al., 2004) and bind to the myofibrillar protein titin (Centner et al., 2001).
MAFbx/Atrogin-1 contains an F-box domain. F-box containing E3 ligases
usually bind a substrate only after that substrate has first been post-
translationally modified, for example by phosphorylation (Jackson &
Eldridge, 2002). Recently, substrates have been suggested for MAFbx,
including MyoD (Tintignac et al., 2005) and calcineurin (Li ef al., 2004).

Activation of Akt/PKB was shown to be sufficient to block the atrophy-
associated increases in MAFbx and MuRF1 transcription (Stitt ez al., 2004),
suggesting that this kinase plays a key role in the regulation of muscle
atrophy. The mechanism by which Akt/PKB inhibited MAFbx and MuRF1
upregulation was demonstrated to involve the FOXO (forkhead box gene,
group O) family of transcription factors (Lee et al., 2004; Stitt et al., 2004).
When phosporylated, FOXO transcription factors are present in the
sarcoplasm, but they translocate to the nucleus upon dephosphorylation. The
translocation and activity of FOXO transcription factors is required for

upregulation of MuRF1 and MAFbx (Glass, 2005).
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In addition to regulating FOXO transcription factors, Akt/PKB can promote
cell survival by inhibiting proteins that mediate apoptosis (Fig. 1.9). The first
of these substrates to be identified was the Bcl2 family member BAD, which
promotes apoptosis by interacting with Bcl-XL on the mitochondrial
membrane. Phosphorylation of BAD by Akt/PKB enables it to interact with
14-3-3 proteins, which prevent it from binding to Bcl-XL and thereby

suppresses apoptosis (Downward, 1999).

Akt/PKB could also directly phosphorylate and inhibit the caspase protease
8, as it has a putative Akt/PKB phosphorylation site (Lawlor & Alessi,
2001). Caspase 3 could be indirectly inhibited by Akt/PKB through
phosphorylation of Bax (Yamaguchi & Wang, 2001).

Inhibition of GSK3 following its phosphorylation by Akt/PKB has also been
suggested to play a role in inhibiting protein degradation (Evenson et al.,

2005), but the dowstream effectors of GSK3 remain to be defined.

Muscle wasting can be induced by several cytokines, most notably the pro-
inflammatory cytokine TNFa (tumor necrosis factor o)) (Beutler et al., 1985).
TNFa binding to its receptor induces the activation of the Rel/NF«B (nuclear
factor kappa B) family of transcription factors (von Haehling et al., 2002).
NF«B activation was shown to be required for cytokine-induced loss of
skeletal muscle proteins (Ladner et al., 2003). Since NFxB in muscle is
activated by disuse (Hunter et al., 2002) or sepsis (Penner et al., 2001), it
might play a role in the pathogenesis of these conditions. Activation of
NF«B is controlled by the IxB kinase complex (IKK). Upon phosphorylation
by IKK, IxB is ubiquitinated and targeted to the proteasome for degradation,
resulting in the activation of NFkB (Yaron ef al., 1998). It has been shown
that activation of the NF«xB pathway in skeletal muscle resulted in an
upregulation of MuRF1 but not MAFbx. Given these data, a linear
IKK/NFkB/MuRF1 signalling pathway was proposed (Cai et al., 2004).
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It is noteworthy that MAFbx/Atrogin-1 was not perturbed upon NFkB
activation. The trigger for upregulation of MAFbx has recently been
determined to be p38. It was shown that TNFa acts to stimulate expression
of MAFbx, and that this upregulation could be blocked by pharmacologic
inhibitors of p38 (Li et al., 2005). Whether or not p38 has any cross-effect
on MuRF1 upregulation, or on the NFkB pathway, has yet to be determined.
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Fig. 1.9. Summary of the signalling regulatlng protein degradation in skeletal
muscle. The activation of Akt/PKB leads to anti-proteolytic effects through the
activation or inactivation of a series of intermediates. On the other hand, the
activation of the NFxB and the p38 pathways stimulates the transcription of MuRF1
and MAFbx/Atrogin-1 resulting in an increased protein breakdown.

Other signal transduction pathways and molecules have been suggested to
play a role in the regulation of muscle protein degradation, such as myostatin
(Zimmers et al., 2002), mTOR (Latres et al., 2005), JNK (Childs et al.,
2003) and calcineurin (Dupont-Versteegden et al., 2002). They will not be

discussed any further here, since their potential involvement in protein

degradation is not yet clearly established.
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3. Muscle cell differentiation

3.1. Satellite cells

Satellite cells are a population of muscle-derived stem cells responsible for
myofibre development and renewal (Mauro, 1961). They are located outside
the sarcolemma and under the basal lamina of the muscle fibre (Campion,
1984). Normally, in resting skeletal muscles, satellite cells are generally in a
non-proliferative, quiescent state, but they have the ability to re-enter the cell
cycle to generate new muscle fibres or to provide new myonuclei during
postnatal growth (Schultz & McCormick, 1994). Activation, proliferation
and fusion of this population of cells is required by a myofibre when
undergoing myofibrillar protein growth to maintain a constant
nuclear/cytoplasmic ratio. Activation of satellite cells is thus the first step of
one mechanism by which muscle hypertrophy may occur (Fig. 1.10).

Proliferation

2

Determination Differentiation

Stem cell Myoblast » Myotube
pRb
MyoD cyclin/cdk inh
External signals yo y MRF4 Cell fusion and
(Shh, Wnts, TGF-8, TJ_ -|— myogenin — > muscle-specific
FGFs, BMPs) MEF2 gene expression
Myf-5 Growth
factors

Fig. 1.10. Role of the myogenic regulatory factors in myogenic cell determination
and differentiation. Shh, sonic hedgehog; TGF-p, transforming growth factor-beta-
like molecules; FGFs, fibroblast growth factors; BMPs, bone morphogenic proteins;
pRD, retinoblastoma protein; cdk inh, cyclin-dependent kinase inhibitors (Adapted
from Hesketh & Whitelaw, 1992).

3.2. Myogenic regulatory factors

The myogenic regulatory factors (MRFs) represent a family of four members
(MyoD, Myf-5, myogenin and MRF4, also called Myf-6). These are critical
for the appropriate determination, development and maintenance of the

skeletal muscle lineage (Fig. 1.10). The MRFs belong to the basic helix-
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loop-helix (bHLH) superfamily of transcription factors. The HLH domain is
responsible for the dimerization of these factors with the ubiquitously
expressed E—proteins, and the basic domain is responsible for DNA binding
(Murre et al., 1989). Heterodimers bind to the consensus E-box DNA
sequence motif found in the promoters of many muscle specific genes such
as desmin (Li & Capetanaki, 1993), troponin I (Lin et al., 1991) and myosin
light chain (Wentworth ef al., 1991).

Sequential activation of MRFs in cultured myogenic cells suggests that these
factors play distinct, but overlapping, roles in the control of myogenesis.
Quiescent cells express no detectable levels of MRFs. MyoD and/or Myf-5
are the first MRFs to be expressed in activated muscle satellite cells, whereas
myogenin and MRF4 transcript accumulation is only observed when cells
start differentiating (Smith et al., 1994). MyoD and Myf-5 are thus important
for myogenic determination whereas myogenin and MRF4 are necessary for
terminal differentiation and lineage maintenance (Perry & Rudnick, 2000).
Decrease in growth factor concentration represents a cue for myoblasts to
exit the cell cycle and undergo terminal differentiation. As myoblasts exit
the cell cycle, expression of cyclin/cdk (cyclin-dependent kinase) inhibitors
and retinoblastoma protein (pRb) are upregulated (Walsh & Perlman, 1997).
It is clear that cell cycle regulation and terminal differentiation are in fine

balance.

3.3. Myocyte enhancer factor 2

Along with the MRFs, the myocyte enhancer factor 2 (MEF2) family of
transcription factors play a key role in myogenesis (Black & Olson, 1998)
(Fig. 1.10). MEF2 proteins are members of the MADS (MCM1, agamous,
deficiens, serum response factor) box-containing family of transcription
factors. The MEF2 family consists of four members, MEF2A-D.

Structurally, MEF2 proteins are composed of amino terminal MEF and
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MADS domains which are responsible for dimerization and DNA binding.
The carboxyl terminal domain is thought to be important for gene activation
and kinase responsiveness. Homo- and heterodimers bind an A (adenine)/T
(thymine) rich DNA sequence element which is found in the promoters of

many muscle-specific genes (Black & Olson, 1998).

Several lines of evidence suggest that MEF2 and MRFs synergistically
activate gene expression. MEF2 expression is initiated after the onset of
differentiation suggesting these factors are involved during later stages of
terminal differentiation (Naya & Olson, 1999). At the level of gene
expression, full activation of MRF4 and myogenin promoters require both

MRF and MEF?2 proteins (Edmondson et al., 1994).

3.4. Insulin-like growth factors

Insulin-like growth factors (IGFs) are of special importance in muscle
growth and development. IGF-I and IGF-II are structurally related to insulin.
They are highly similar small single chain peptides of 70 and 67 amino acids
respectively, and approximate 7.5 kDa (Daughaday & Rotwein, 1989). Four
domains, designated A, B, C and D, have been identified in the IGF
molecules; the A and B domains being homologous to the A and B chains of

insulin.

IGFs are growth factors that circulate at high levels in the blood stream
(Furlanetto et al., 1977). Although the main source of IGF-I in the serum is
the liver, many other tissues, such as skeletal muscle, synthesize it and are
sensitive to its action. Regulation of hepatic IGF-I production is mostly
mediated by growth hormone and insulin, whereas the synthesis of IGF-II is
relatively growth hormone-independent. In addition to growth hormone,
developmental factors (Pollak et al., 2004), nutrition (Thissen et al., 1994)

and exercise (Kraemer ef al., 2000) modify hepatic IGF-I production.
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In humans, IGF-I is the product of a single gene composed of 6 exons.
Although there is only one mature peptide, there are three IGF-I precursors
(IGF-IEa, IGF-IEb and IGF-IEc) (Goldspink & Yang, 2001) and many IGF-I
transcripts resulting from different promoter usage, alternative splicing and
various polyadenylation sites (Hall ef al., 1992). IGF-I transcripts encoding
Ea peptides are widely expressed in all tissues and may be considered as the
autocrine/paracrine  form of IGF-I. Transcripts encoding Eb peptides
predominate in the liver and are more associated with endocrine action
(LeRoith & Roberts, 1991). IGF-IEc transcript, also called mechanical
growth factor (MGF), is generated specifically in the muscles subjected to
stretch and damage (McKoy et al., 1999).

The IGF binding proteins (IGF-BPs) represent a family of 6 members (IGF-
BP 1-6), with the common property of binding IGF-I and IGF-II in all
biological fluids (Clemmons, 2001). They are responsible for the transport
and control of IGF efflux from the vascular space, increasing the half-life of
circulating IGFs and regulating their clearance. IGF-BPs modulate the
interaction of IGFs with their receptor, thereby controlling the biological

actions of IGFs (Jones & Clemmons, 1995).

The effects of IGF-I and IGF-II on a target cell are mediated by two types of
IGF receptors (type 1 and type 2 IGF receptors) and the insulin receptor
(Rechler & Nissley, 1985). Although IGF binding has been shown for both
IGF receptors, most biological actions of IGF-I and IGF-II on muscle cells
appear to be mediated by type 1 IGF receptor (Ewton et al., 1987). Type 1
IGF receptor resembles the insulin receptor, since both have 40% homology

and a similar heterotetrameric subunit structure (Ullrich et al., 1986).
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IGFs are unique among growth factors in that they stimulate both
proliferation and differentiation of muscle cells in culture. It has been shown
that IGF action occurs through two phases (Florini et al., 1996). This
involves an initial mitogenic respone in which intracellular mediators of
proliferation such as cyclin D mRNA and c-fos mRNA are up-regulated and
mediators of the myogenic response such as myogenin mRNA are
suppressed (Rosenthal & Cheng, 1995). The first phase is then followed by a
strong myogenic response characterized by the expression of the muscle-
specific transcription factor myogenin and the fusion of myoblasts into
myotubes. Activation of the IGF-I receptor can induce the activation of the
MAPK, PI3K (Coolican et al., 1997) and calcineurin (Semsarian et al.,
1999) pathways. Whereas the mitogenic effects of IGF-I are primarily
mediated by the Ras/Raf-1/MAPK pathway, the myogenic effects are
mediated by the PI3K/p70** pathway (Coolican et al., 1997).

3.5. Myostatin

Myostatin, or GDF-8 (growth and differentiation factor-8), was identified
through sequence identity with members of the BMP (bone morphogenetic
protein)/TGFp (transforming growth factor B) superfamily (McPherron et al.,
1997). Myostatin is a negative regulator of skeletal muscle development. It
binds with high affinity to the serine/threonine kinase activin type IIB
receptor, which initiates signalling through a smad2/3 (small mother against

decapentaplegic 2/3)-dependent pathway (Lee & McPherron, 2001).

Myostatin is synthesized as a 376 amino acid precursor protein containing a
signal sequence, a N-terminal propeptide domain, and a C-terminal domain
considered as the active molecule (McPherron et al., 1997). Myostatin is
secreted in a latent form by binding to its propeptide; proteolytic processing
between the propeptide domain and the C-terminal domain produces an N-

terminal propeptide and the mature form of myostatin. In serum, as well as
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in skeletal muscle, myostatin can be found bound to several proteins that are
able to modulate its activation, secretion or receptor binding. In serum, in
addition to the propeptide, FLRG (follistatin-related gene) (Hill et al., 2002)
and GASP-1 (growth and differentiation factor-associated serum protein-1)
(Hill et al., 2003) bind to myostatin and inhibit its activity, whereas in
skeletal muscle inhibitory myostatin binding proteins are hSGT (human
small glutamin-rich tetratricopeptide repeat-containing protein) (Wang et al.,

2003), titin cap (Nicholas et al., 2002) and follistatin (Amthor et al., 2004).

Myostatin has direct effects on the proliferation and/or differentiation of
numerous muscle cell lines (Rios et al., 2001; Langley et al., 2002). The
effect on muscle fibre number is likely to result from the activity of
myostatin on myoblast proliferation and/or differentiation during
development, while the effects on fibre size appear to be mediated through
the action of myostatin on muscle satellite cells (Walsh & Celeste, 2005).
Myostatin inhibits proliferation through an up-regulation of p2l1 and
decreases the levels of both Cdk2 and phosphorylated Rb, resulting in cell
cycle inhibition (Thomas et al., 2000). The effect on differentiation appears
to occur through down-regulation of the myogenic differentiation factors

MyoD, Myf-5 and myogenin (Langley ef al., 2002).

3.6. Signal transduction

The determination, maintenance and activation of the myogenic program are
regulated by many factors. Each of the following molecules has been shown
to initiate or to control the expression of at least one MRF: Wntl, Wnt7,

Sonic hedgehog, TGFP and BMP4 (Rescan, 2001) (Fig. 1.10).

Many distinct mechanisms have been elucidated to explain how growth
factors are able to repress or stimulate the myogenic program. Protein kinase

C (PKC) activity is increased in response to mitogenic stimulation.
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Overexpression of activated PKC represses MRF-mediated transcription of

muscle-specific genes and terminal differentiation (Li et al., 1992).

Binding of ligands to cell-surface receptors initiates a cascade of events

1ras

leading to the activation of p21™. Overexpression of p21™ inhibits MRF-
mediated differentiation (Kong et al., 1995). In opposition, inhibition of
MEK and rac/rho kinase pathways, which are activated by ras, do not rescue
myogenesis suggesting that these pathways are not involved in regulating
terminal differentiation (Ramocki et al, 1997). Later stages of
differentiation require MKP-1 (mitogen-activated protein kinase phosphatase
1) downregulation for myoblast fusion and myotube formation (Bennett &
Tonks, 1997). In summary, an increase in MAPK signalling is required for

transmitting growth signals, and a decrease in MAPK activity is required for

myogenesis to proceed.

The absence of stimulation by extracellular growth factors leads to apoptosis
indicating that the pathways induced by growth factors are essential for cell
survival. Expression of activated PI3K is able to induce differentiation,
suggesting a direct role of PI3K in myogenesis (Jiang et al., 1998). PKB is a
downstream target of PI3K and has been shown to be upregulated during
differentiation and its activity to be important for myocyte survival (Fujio et
al., 1999). However, overexpression of activated PKB is unable to force
differentiation under growth factor conditions suggesting the involvement of
mediators that are specifically expressed at the onset of myogenic

differentiation (Rommel et al., 1999).

It has been hypothesized that calcium activated signal transduction pathways
are important for fibre-type specification. Calcineurin is a calcium-activated
protein phosphatase that activates the NFAT (nuclear factor of activated T-
cells) transcription factors. The latter are thought to alter fibre-type specific

gene expression by interaction with MEF2 (Youn et al., 1999).
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In addition to MAPK, PI3K and calcineurin pathways, the signalling induced
by growth factors during development could involve miRNA (Martello et
al., 2007). The fact that many miRNAs are organ-specific indicates that they
are central to cell differentiation and tissue development. It has been
suggested that miRNAs may act by inhibiting the genes that should not be
expressed in a particular cell type and therefore function to reinforce or fine-
tune gene expression (Williams, 2007). miR-1 and miR-133 have distinct
roles in modulating skeletal muscle proliferation and differentiation both in
vitro and in vivo. miR-1 promotes myogenesis by targeting histone
deacetylase 4, a transcriptional repressor of muscle gene expression. In
contrast, miR-133 enhances myoblast proliferation by repressing serum

response factor (Chen et al., 2006).

In conclusion, MRFs are key transcription factors for the determination,
proliferation and terminal differentiation of myogenic cells. Although,
several growth factors and transduction pathways regulating MRF
expression and activity have been described, the integration of these events
still remains to be explored. Coordination of cell cycle and terminal

differentiation is a complex process.

Since the general mechanisms of protein synthesis and protein breakdown
have been described, we will now focus on their regulation by exercise and
nutrients. Exercise and nutrients are generally known to be anabolic agents
in skeletal muscle resulting in muscle hypertrophy. However, the
mechanisms leading to muscle cell differentiation and growth are only

beginning to be elucidated.
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4. Factors regulating muscle cell differentiation and
growth

4.1. Nutrients
4.1.1. Creatine

Creatine metabolism

Creatine is a nonessential dietary element found in high abundance in meat
and fish. Normal daily intake of creatine from an omnivorous diet
approximates 1g. However, creatine is also synthesized within the body,

primarily in the liver, from two amino acids by a two-step reaction at a rate

of about 1g per day (Fig. 1.11) (Wyss & Kaddurah-Daouk, 2000).

Dietary Cr

AdoHey + Cr

an |
AdoMet + GAA

Urinary excretion
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Fig. 1.11. Creatine metabolism (Wyss & Kaddurah-Daouk, 2000).
In the first reaction, guanidinoacetate is formed from arginine and glycine in

a reaction catalyzed by arginine:glycine amidinotransferase. In the second

step, a methyl group of S-adenosylmethionine is transferred to



34 Chapter 1

guanidinoacetate and creatine is formed. Muscle does not synthesize creatine
but is dependent on creatine uptake from the circulation by a sodium
dependent transporter in the muscle membrane. Once in the muscle, creatine
becomes phosphorylated by the activity of creatine kinase. The sole end
product of creatine metabolism is creatinine, formed by the nonenzymatic
conversion from phosphorylcreatine and creatine. Creatinine is then excreted

by the kidneys.

Approximately 120g of creatine is found in a 70kg male, 95% in skeletal
muscle. Total creatine exists in muscles as both free creatine (40%) and
phosphorylcreatine (60%) (Wyss & Kaddurah-Daouk, 2000). Creatine is an
important source of chemical energy for muscle contraction because it can
undergo phosphorylation that is rapid, with the formation of
phosphorylcreatine, and reversible, with donation of the phosphate group to
ADP to form ATP (Fig. 1.12). This reaction is catalyzed by the enzyme
creatine kinase and is a rapid source of high-energy phosphate for high-

intensity, short-duration physical activity (Greenhaff ef al., 1994).
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Fig. 1.12. Creatine kinase reaction. Cr, creatine; CK, creatine kinase;
PCr, phosphorylcreatine (Wyss & Kaddurah-Daouk, 2000).
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Creatine supplementation

Various supplementation strategies have been used to increase skeletal
muscle creatine concentrations. The most commonly used protocol is to
ingest a daily total of 20 to 30g of creatine, usually creatine monohydrate, in
4 doses of 5 to 7g dissolved in fluids, for 5 or 7 days, although some studies
used lower doses or supplemented for fewer days (Williams & Branch,
1998). Normal muscle creatine content approximates 125mmol/kg dry
matter. Subjects respond very differently to creatine supplementation. Those
with a very low basal level generally accumulate larger amounts of creatine
but human muscle appears to have an upper limit of creatine storage of 150-
160mmol/kg dry matter (Greenhaff, 1995). In average, -creatine
supplementation increases total creatine concentration in skeletal muscle by

20% (chapters 3 and 5).

Interest for creatine supplementation

Creatine supplementation has become one of the most popular ergogenic
aids among athletes and one of the most advantageous for the industry of
supplements. A relatively large number of scientific studies have been
conducted over the past decade documenting the physiologic and
performance effects of creatine supplementation in diverse populations.
Creatine has been studied in relation to acute performance (Volek et al.,
1997; Casey & Greenhaff, 2000), training adaptations (Dempsey et al.,
2002; Kreider, 2003; Rawson & Volek, 2003), factors affecting muscle
creatine uptake (Snow & Murphy, 2003), pharmacokinetics (Persky et al.,
2003), therapeutic potential in neuromuscular and other metabolic diseases
(Wyss & Schulze, 2002), use in adolescents (Unnithan et al., 2001) and the
elderly (Tarnopolsky, 2000) and potential adverse effects of creatine

supplementation (Poortmans & Francaux, 2000).
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Mechanisms of action of creatine

Whereas most studies have focused on the ergogenic effects of creatine
supplementation in combination with resistance exercise, only a few studies
have tried to determine the molecular mode of action of creatine. Several
hypotheses have been proposed to explain the increased muscle strength and
improved weight-lifting performance after creatine supplementation in

conjunction with resistance training (Volek & Rawson, 2004).

Creatine could act directly on muscle growth and strength. In this case, part
of the ergogenic effect of creatine supplementation in training studies is
independent of the resistance-training stimulus and is due to the acute effects

of creatine loading and subsequent increases in muscle creatine levels.

Creatine has also been proposed to act via an increase in training volume.
The increase in the ability to perform more repetitions with the same weight
after creatine supplementation could translate into greater gains in lean body

mass and strength after several weeks of training.

Nevertheless, these two theories require that creatine interact with known or
postulated mechanisms of muscle fibre hypertrophy to induce the
enhancement of strength and lean body mass. Creatine supplementation has
been shown to result in larger increases in type I, [IA, IIAB muscle fibre
cross-sectional area compared with placebo after 12 weeks of heavy
resistance training (Volek et al, 1997) and after 2 weeks of leg
immobilization followed by 10 weeks of rehabilitation (Hespel et al., 2001).
Creatine supplementation also leads to greater increases in type I and II
MHC (myosin heavy chain) mRNA abundance and protein content after 12
weeks of resistance training, suggesting that an increase in MHC synthesis
may account in part for the greater increase in muscle size with creatine

supplementation (Willoughby & Rosene, 2001).
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The creatine-induced increase in MHC gene expression has been postulated
to be mediated by MRFs. Indeed, MRF4 level was increased after creatine
supplementation in conjunction with resistance training (Willoughby &
Rosene, 2003) or with rehabilitation following muscle disuse (Hespel et al.,
2001) whereas opposite results were obtained for myogenin expression. The
increases in MRF4 and myogenin protein content were strongly correlated to

muscle creatine kinase mRNA expression (Willoughby & Rosene, 2003).

In summary, creatine supplementation and resistance training influence
expression of certain MRFs that possibly upregulate expression of skeletal
muscle MHC and creatine kinase, which in turn could explain greater
increases in muscle size and strength. It still remains unclear whether
creatine has a direct effect on expression of MRFs and MHC or whether the

effect is indirectly mediated through a greater training volume.

In the same line, creatine supplementation has recently been shown to
amplify the increase in satellite cell number and myonuclei concentration in
human skeletal muscle fibres during 4 to 16 weeks of resistance training
(Olsen et al., 2006). This could explain why previous studies observed an
increase in certain MRFs and could represent the first step in the increase in

muscle mass after creatine supplementation.

It has been hypothesized that creatine per se could induce muscle
hypertrophy due to water retention since cellular water content may
influence protein metabolism (Haussinger et al., 1993). Indeed, creatine has
been shown to increase total body water including intracellular water.
However, the relative volume of the body water compartments remains
constant after creatine supplementation. Therefore the gain in body mass
cannot be attributed to water retention alone but to an increase in dry matter

accompanied by a normal water volume (Francaux & Poortmans, 1999).
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The increase in lean body mass after creatine supplementation could be the
result of a larger protein synthesis or a decrease in protein breakdown or
both together. Five days of creatine supplementation had no effect on muscle
protein synthesis but decreased whole body protein breakdown (Parise et al.,
2001). Two other studies have indicated that creatine had no effect on
skeletal muscle protein synthesis and breakdown, whether at rest or after
resistance exercise (Louis et al., 2003a; Louis et al., 2003b). Collectively,
these studies indicate that short-term creatine loading does not have a
significant effect on measures of skeletal muscle protein balance. It is
possible that creatine only affects protein metabolism under very specific
experimental conditions: more intense resistance exercise, longer

supplementation periods, older or atrophied subjects,...

It has become apparent that accumulation of creatine in skeletal muscle
affects a variety of cellular processes that could account for its ergogenic and
therapeutic potential. Recent work has started to provide a better picture of
the physiological mechanisms by which creatine supplementation affects
skeletal muscle protein metabolism but the molecular signalling is far to be

elucidated and is one major purpose of the present work (chapters 3-5).

4.1.2. Amino acids

Regulation of protein metabolism and cell differentiation

Following amino acid administration, muscle protein synthesis increases
proportionally to the amount of amino acids administered, up to 3 times the
basal postabsorptive value (Biolo & De Cicco, 2004). This effect can be
observed independently of any hormones, although insulin may enhance the
process. Modulation of protein synthesis via availability of amino acids
appears to show a sigmoidal relationship; rises and falls in amino acid
availability cause rapid changes in muscle protein synthesis in the basal to

postprandial range (Rennie ef al., 2002). In humans, the upper limit of amino
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acid concentrations at which protein synthesis appears to be saturated is
about 50% greater than the blood amino acid concentrations normally

achieved after a meal (Rennie ef al., 2002).

Amino acids are more efficiently utilized when given in divided doses
(bolus) rather than with continuous administration (Biolo & De Cicco,
2004). Moreover, administration of boluses of single essential amino acids
(threonine, valine, phenylalanine and leucine) but not non-essential amino
acids (proline, glycine, serine and alanine) markedly stimulated the
incorporation of labelled amino acids into muscle protein (Smith et al.,
1998). It is important to note that after feeding, skeletal muscle in diverse
anatomical locations shows increases in protein synthesis by similar amounts
(Mittendorfer et al., 2005), indicating that this stimulation is a systemic

rather than a muscle-specific effect.

These last years, it has become evident that amino acids not only act as
metabolic precursor and substrate for protein synthesis but additionally
activate and modulate signal transduction pathways involved in the
regulation of proliferation, apoptosis, gene expression and metabolism. One
purpose of the present work will thus be to identify potential mechanisms by
which two major amino acids in skeletal muscle, namely leucine and
glutamine, affect protein metabolism and myogenic cell differentiation

(chapter 7).

Leucine and glutamine

Leucine is an essential branched-chain amino acid (BCAA), also called (S)-
2-amino-4-methyl-pentanoic acid (Fig. 1.13). It is one of the three amino
acids with a branched hydrocarbon side chain together with valine and
isoleucine. It has one additional methylene group in its side chain compared
with valine. Like valine, leucine is hydrophobic and generally buried in

folded proteins.
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Leucine Glutamine
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Fig. 1.13. Leucine and glutamine structures.

Leucine is transported into skeletal muscle cells by the sodium-independent
system L, which mediates uniport of amino acids with bulky side chain such
as BCAA (Palacin et al., 1998). The BCAA serve as an essential substrate
and important regulator in the synthesis of body proteins and represent the
major nitrogen source for glutamine and alanine synthesis in muscle (Fig.
1.14). The first step in BCAA catabolism is reversible transamination
leading to the production of corresponding branched-chain keto acids. The
skeletal muscle is considered the initial site of BCAA catabolism because of
a high activity of BCAA aminotransferase. The amino group released during
transaminase reaction is used primarily for synthesis of alanine and
glutamine. The branched-chain keto acids formed during transamination
undergo oxidative decarboxylation catalyzed by branched-chain keto acid
dehydrogenase and/or released into the bloodstream and then taken up by
different tissues where they can be oxidized or used for resynthesis of

BCAA (Harper et al., 1984).

In summary, BCAA are released from skeletal muscle in lower amounts than
would be expected from their content in muscle protein, probably reflecting
their active catabolism in muscle. The opposite situation occurs for
glutamine and alanine as a consequence of de novo synthesis in muscle

(Ruderman & Berger, 1974).
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BCAA a-KG Ala

Fig. 1.14. Relation between glutamine and
alanine production and BCAA catabolism in
muscle. a-KG, alpha-ketoglutarate; Ala,

BCKA Glu pyruvate alanine; BCAA, branched-chain amino acid;
NH BCKA, branched-chain keto acid; Gln,
¢ glutamine; Glu, glutamate (Adapted from

l l/ Holecek, 2002).

H,0+CO, Gin

Numerous reports established that, in skeletal muscle, leucine is unique in its
ability to initiate signal transduction pathways that modulate translation
initiation. Oral administration of leucine stimulates protein synthesis in
association with hyperphosphorylation of 4E-BP1 and enhanced
phosphorylation of p70°*. The stimulatory effects of leucine on translation
initiation are mediated in part through mTOR, where both insulin signalling
and leucine signalling converge to promote a maximal response. However,
signalling through mTOR alone is not sufficient to explain the increased
rates of protein synthesis following leucine administration. Further studies
are required to determine additional signalling pathways activated by leucine

that regulate protein synthesis (Anthony et al., 2001).

Glutamine is a non essential amino acid also called (2S)-2-amino-4-
carbamoyl-butanoic acid. It is the amide of glutamic acid and is uncharged
under all biological conditions (Fig. 1.13). Glutamine is the most abundant
free amino acid in human plasma, skeletal muscle and cerebrospinal fluid. It
can be synthesized by most cells and tissues by the glutamine synthetase-
catalyzed ATP-dependent reaction of glutamate with ammonia (Haussinger
& Schliess, 2007). Glutamine plays a central role in nitrogen metabolism and
represents a storage and transport form of glutamate and ammonia. The
skeletal muscle serves as the major glutamine supplier whereas the liver

represents a major consumer of glutamine (Bode, 2001).
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Glutamine can be transported by sodium-dependent (ASC, B*", y'L, A et N)
and sodium-independent systems (L, b®" et n). The N, ATA2 and LATI
systems have been found to be present in myogenic cells. The N system is
the most abundant in skeletal muscle and possesses a specific muscle
isoform (Nm). In muscle, both influx and efflux of glutamine are mediated
by the Nm transporter. The latter has a Km of 9.25mmol/l in rat skeletal
muscle (Bode, 2001). Once in the intracellular compartment, glutamine may
serves as substrate for protein synthesis or may be catabolised by
transamination in the cytosol followed by a deamination by a glutamate
dehydrogenase in the mitochondria (Rennie et al., 1992). Glutamine may
also be degraded by a glutaminase, but it seems that degradation by
transamination-deamination is more frequent in muscle due to a higher
activity of glutamine transaminase and glutamate dehydrogenase than that of

glutaminase (Rennie et al., 1996).

Glutamine has been shown to modulate signal transduction pathways in
several tissues. For instance, it induces intestinal cell proliferation by
stimulating ERK- and JNK (c-Jun NH, terminal)-dependent DNA binding
activity of activator protein AP-1 (Rhoads et al, 1997). In isolated rat
hepatocytes, glutamine increases cell volume and induces an anabolic
response characterized by an activation of acetyl-CoA carboxylase, glycogen
synthase and p70°%, the key enzymes in fatty acid, glycogen and protein
synthesis, respectively (Krause et al., 2002). The latter study and others
(Haussinger & Schliess, 1999; Haussinger et al., 2001) have underlined the
fact that some of the proliferative and metabolic glutamine signals depend on
cellular registration of cell volume-sensitive signal transduction pathways. In
cardiomyocytes, glutamine increased abundance of the mRNAs encoding the
contractile proteins, a-MHC and cardiac a-actin, and the metabolic enzymes,
muscle carnitine palmitoyl transferase I and muscle adenylosuccinate

synthetase (Adssl). The induction was mediated through the PKA (protein
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kinase A) and mTOR signalling pathways and required a cyclic AMP
response element associated with the promoter region of the Adssl gene
(Xia et al., 2003). The effects of glutamine in skeletal myogenic cells remain

to be identified and will be addressed in chapter 7.

4.2. Exercise

Protein turnover

Most studies on the response to exercise of human muscle protein turnover
have focused on post-exercise changes following resistance exercise, likely
to result in muscle hypertrophy. After a single bout of heavy resistance
training, mixed muscle protein synthesis is increased for up to 48h (Phillips
et al., 1997). Similarly, after a strenuous bout of exercise, myofibrillar
protein synthesis peak