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Abstract
Although it is important to understand the molecular mechanisms underpinning muscle
wasting with aging, it is ultimately the failure of cell function that leads to all aging
phenomena. Part of the cause of cellular dysfunction in old age is thought to be chronic,
low grade, systemic inflammation in the face of reduced anabolic drives. Skeletal muscle
and its resident stem cells provide good models of cellular and tissue failure with age. Easy
access to muscle-derived stem cells provides a tool with which to assess local vs.
environmental triggers of age-related cellular dysfunction. The aim of this study was to
develop relevant models of age-related muscle wasting. The hypothesis was that older
muscle cells would be more prone to catabolic and less prone to anabolic adaptation vs.
younger muscle cells. Objectives were to compare and contrast younger and older skeletal
muscle cell adaptation to anabolic (IGF-I) and catabolic (IL-6 and TNF-α) stimuli.
In the murine model, and in line with expectations, IGF-I (100 ng/ml) resulted in improved
fusion in younger, but reduced fusion in older myoblasts. By contrast, and unexpectedly, in
human myoblasts the opposite occurred, where IGF-I (100 ng/ml) resulted in reduced
fusion in younger, but increased fusion in older myoblasts. Where improved fusion was
evident (regardless of model or age) with IGF-I administration, this was associated with
enhanced basal fusion potential, which should therefore be considered when choosing
models of study. It is currently not known what drives altered basal fusion capability and
the subsequent enhanced response to IGF-I. Therefore, the two models together provide
an opportunity to further investigate this finding.
When assessing the impact of catabolic cytokines on myoblast fusion, both models
displayed increased negative adaptation in older vs. younger myoblasts. However, and
interestingly, older murine myoblasts were more responsive to TNF-α and older human
myoblasts to IL-6 administration. The impaired differentiation in response to the cytokines
may underlie the muscle wasting evident in older age, and again provides a good model of
study.
In conclusion, evidence is provided here of the development of muscle models for
investigating muscle aging in vitro. Early data suggest that care should be taken when
choosing the model and this should be driven by the final question being addressed e.g.,
the model for studying hypertrophy may not be the best model for studying atrophy.
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Chapter 1
Introduction

1

1.1

Literature review

1.1.1. Skeletal Muscle
The human body is largely comprised of skeletal muscle and accounts for 50% of the total
body mass in young age. This reduces about 25% of total bodyweight by 75-80 years of age
(Kalyani et al., 2014). It is the largest protein reservoir and is a source of amino acids utilised
for energy production by a variety of organs during catabolic periods, such as starvation
depletion, burn injury, heart failure, cancer, sepsis, and AIDS (Figure.1.1). In order to
produce glucose, the liver uses amino acids from muscle protein breakdown (Bonaldo &
Sandri, 2013; Wolfe, 2006). In addition, with aging, both muscle mass and regenerative
capacity are gradually lost (Manini et al., 2013).
When protein degradation exceeds protein synthesis, reduced muscle bulk occurs leading
to a decrease of the cross-sectional area of myofibres and muscle strength (Schiaffino &
Dyar, 2013; Kalyani et al., 2014). Moreover, extreme protein degradation in skeletal muscle
has severe consequences on the human body including the possibility of death (Bonaldo &
Sandri, 2013; Argilés et al.,2016). Furthermore, the effectiveness of various therapeutic
treatments can be impaired by the disproportionate loss of muscle mass (Wüst & Degens,
2007; English & Douglas Paddon-Jones, 2010; Kalyani et al., 2014). The prevention of
metabolic disorders, facilitation of healthy age progression and the provision of energy to
vital organs during stressed conditions largely depends on the maintenance of healthy
muscles. In adults, muscle mass and performance adjust to diverse pathophysiological
conditions through the activation of pathways that control protein turnover (Bonaldo &
Sandri, 2013). Endurance, strength, and physical performance are largely contingent upon
skeletal muscle mass (Costa et al., 2012).
1.1.2. Skeletal muscle atrophy
During atrophy, there is a major reduction in protein content, fibre diameter, force
production, and fatigue resistance (Dodson et al., 2011; Williamson et al., 2003). It is a
typical response to such conditions as starvation, aging (sarcopenia) and inactivity.
However, it may also present as a symptom of other chronic diseases such as cancer
(cachexia), diabetes, sepsis, AIDS, renal and heart failure (Fanzani et al., 2012). These all
contribute to the morbidity and early mortality of the patient (Vinciguerra et al., 2010).
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Many triggers of significant decreases in muscle, body weight and fat are due to increased
protein catabolism driven by tumour-derived factors, anorexia and endocrine changes
(Ebadi & Mazurak, 2014). Important endocrine changes include elevated TNF-α, which is
known to induce skeletal muscle catabolism via, among others, the ubiquitin-proteasome
system (UPS) (Sandri, 2013; Bonaldo & Sandri, 2013). Increased catabolic signalling,
oxidative stress, reduced anabolic signalling, and reduced protein synthesis are additional
processes involved in the pathogenesis of muscle atrophy (McCarthy & Esser, 2010;
Bonaldo & Sandri, 2013).

Figure 1.1. Muscle atrophy.
Muscle atrophy can result as a consequence of many different physiological and pathological conditions. (Fanzani et
al., 2012).

1.1.3. Sarcopenia
Age-related muscle loss (termed sarcopenia) is the loss of skeletal muscle mass and
function associated with aging. It is a serious geriatric clinical disorder affecting more than
half of the population over 80 years ( Cruz-Jentoft et al., 2010; Loeser, 2010). Humans over
the age of 50 generally lose 1-2% of muscle mass per year (Hughes et al., 2002). This has a
direct effect on muscle strength, muscle functionality, and metabolic performance and
ultimately morbidity and mortality (Bonaldo & Sandri, 2012; Muscaritoli et al., 2013).
Sarcopenia is multifactorial and includes factors such as chronic inflammatory diseases,
disuse and malnutrition (Biolo et al., 2014).
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The decline in muscle mass with aging is accompanied by a decrease in the number and
size of muscle fibres (Michel et al., 2004; Evans, 2010) . It has been established that by the
eighth decade a 50% decline in the total fibre number is present when compared with
muscle tissue in young subjects and that the cross- sectional area of type II fibres is nearly
35% smaller in muscles from older individuals when compared with young individuals
(Mitchell et al., 2012; Nilwik et al., 2013). A growing body of literature generally agrees that
type II fibre atrophy occurs with age whereas type I fibre size remains unchanged

(Deschenes, 2004; Lee et al., 2006). Researchers have demonstrated that any differences
detected could either be attributed to age or simply inactivity (Klitgaard et al., 1990).
Studies have been conducted that show that elderly strength-trained subjects have crosssectional areas larger than that of sedentary subjects and similar to those of young adult
control subjects, proposing that age-related changes in skeletal muscle function may be
responded to by long-term strength-training in elderly men.
Increased levels of circulating cytokines and catabolic hormones are associated with muscle
atrophy (Figure.1.1) (Costamagna et al., 2015b), however, the current lack of available
effective therapies to slow or reverse muscle loss is hampered by limitations in the
understanding of the pathogenesis of muscle atrophy (Bodine, 2013).
1.1.4. The role of satellite cells in adult muscle
The impaired function of skeletal muscle stem cells or satellite cells may be a factor
underlying muscle atrophy (Mann et al., 2011; Snijders et al., 2015). Satellite cells are
mono-nucleated myogenic precursor cells (myoblasts) located between the basal lamina
and the plasma membrane of muscle fibres and are primary factors in muscle regeneration
(Yablonka-Reuveni, 2011; Yin et al., 2013). While they are generally in a quiescent
undifferentiated state, when activated in reaction to muscle damage, they are able to
proliferate, migrate to the site of injury and fuse with existing fibres for regeneration and
hypertrophy (Mauro, 1961; Yin et al., 2013; Dumont et al., 2015).
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1.1.5. Impairment of satellite cell function in repair and hypertrophy
The regenerative capacity of postnatal skeletal muscle is deemed largely dependent on
satellite cells (Figure.1.2).

Figure 1.2. Role of satellite cells in muscle regeneration (Hawke and Garry, 2001).

During embryogenesis, skeletal muscle precursor cells (MPCs) originate in somites and
undergo a multi-process of lineage commitment, migration, proliferation and
differentiation (Kawiak et al., 2006; Bentzinger et al., 2012) (Figure.1.3).

Figure 1.3. Satellite cell activation and maturation. Adapted from (Zammit et al., 2006).
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1.1.6. Age-dependent decline in stem cell functionality of satellite cells
The decrease in the stem cell functionality of satellite cells with age, is possibly attributed
to intrinsic molecular variations in aged muscle stem cells or extrinsic changes due to the
aging of the local microenvironment (e.g. myofibres and the extracellular matrix) or the
systemic environment (Dumont et al., 2015). Several groups have reported age-associated
reductions in the number of satellite cells and hypothesised that this loss of satellite cells
ultimately contributes to the aged-related muscle atrophy (Shadrach & Wagers, 2011; Oh,
2015; Snijders et al., 2015).
The murine C2 and C2C12 skeletal myoblasts provide established models to investigate
some of the processes of muscle cell adaptation during aging. Historically, research within
our laboratory has been conducted using C2 cells that were originally established following
C3H leg muscle crush-injury (Yaffe & Saxel, 1977).The daughter C2C12 cells are a subclone
of the parental C2 line (Chiu & Blau, 1985) and were generated for their differentiation
potential. The former provides a model for younger muscle cells with sustained
hypertrophy potential, while the latter provides a model of atrophying older muscle
(Sharples et al., 2010). Use of the two lines in parallel, provide an opportunity to begin to
investigate cellular adaptation with age and inflammation.
1.1.7. Skeletal muscle hypertrophy
Skeletal muscle hypertrophy is defined by an increase in the muscle mass and in the crosssectional area of the fibres (Paul & Rosenthal, 2002). Generally, muscle hypertrophy is
related to strength training or conditions associated with increased protein synthesis
(Schoenfeld, 2010; Kalyani et al., 2014).
The induction of hypertrophy is associated with incorporation of new myonuclei (provided
by satellite cells) into the fibres which enable increased protein synthesis and a constant
myonuclear domain (Shenkman et al., 2010). During the embryonic and post-embryonic
periods, the satellite cells play an important role in muscle growth. It is accepted that
satellite cells have an important role during muscle hypertrophy, also in adults, given
appropriate stimuli. Some controversy does, however, exist, as McCarthy et al (2011), using
a genetic mouse model to conditionally ablate satellite cells, reported that while satellite
cells were not required for muscle hypertrophy, they were essential for the formation of
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new fibres and for muscle regeneration (McCarthy et al., 2011). Therefore, although the
precise role of the satellite cell in adult hypertrophy is debatable, there is a clear need for
these cells in regeneration.
1.1.8 Insulin-Like Growth Factor (IGF-I)
As mature muscle fibres are post mitotic, in order to enable regeneration, they are
dependent on the recruitment of satellite cells, which involves both cytokines and growth
factors. An important growth factor in skeletal muscle biology is Insulin like Growth Factor
I (IGF-I) (Shadrach & Wagers, 2011; Philippou et al., 2007). Indeed, IGF-I has been shown to
enhance protein synthesis, to increase the size of myotubes, ( Velloso, 2008), to suppress
protein degradation (Wang & Mitch, 2014), and to increase the number of satellite cells
(Velloso, 2008; Zhang et al., 2010). Indeed, increased endogenous expression of the IGFs in
murine myoblast cell lines (e.g. C2 and C2C12) is associated with spontaneous fusion upon
transfer to low serum differentiation medium (Florini et al., 1991; Stewart & Rotwein,
1996).
The IGF system includes: two IGFs (IGF-I and IGF-II), the type I and type II IGF cell surface
receptors, six specific high-affinity binding proteins (IGFBPs-1 to -6), IGFBP proteases, and
other IGFBP-interacting molecules (Clemmons, 1997). All play a role in embryonic, foetal
and adult development and perform a wide array of biological functions (Sharples et al.,
2015). Reduced levels of the IGF-I gene transcripts in skeletal muscle (by up to 45% in older
vs. younger males (Léger et al., 2008) during aging (Benbassat et al., 1997; C. Velloso,
2008), may be associated with a reduction in Growth Hormone (GH) levels and sensitivity
(Figure.1.4).
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Figure 1.4. GH deficiency and Aging (Bartke, 2005).

The binding of IGF-I to its receptor stimulates several downstream signalling events
including the activation of the MAP kinase (Erk 1/2) and PI 3-kinase pathways as detailed
in Figure.1.5 (Singleton & Feldman, 2001).

Figure 1.5. The role of IGF in stimulating proliferation and differentiation (Singleton and Feldman et al 2001).
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In human studies, muscle from older men has higher levels of MAPK proteins compared to
those of younger men (Williamson et al., 2003). The importance of the PI3K/Akt pathway
has been illustrated in C2C12 myoblasts using inhibitors of PI3K, which attenuated the
process of hypertrophy (Rommel et al., 1999; Glass, 2005; Sharples & Stewart, 2011).
Substantiation has been provided in animal models through the knock down of Akt1, which
resulted in smaller and lighter animals compared with wild type control (Florian Bentzinger
et al., 2013). Furthermore, work by (Lai et al., 2004) demonstrated that activation of Akt
was sufficient to cause a 73% increase in quadriceps muscle size in mice. Thus the agerelated decrease in IGF-I may underlie the decreased proliferation and differentiation of
myoblasts in older age (Arthur & Cooley, 2012). Furthermore, IGF-I has been shown to
decrease fibrosis and control the inflammatory response following injury, by downregulating pro-inflammatory cytokines (Speca et al., 2012).
1.1.9 Tumour Necrosis Factor Alpha (TNF-α)
TNF-α, a pleiotropic pro-inflammatory cytokine, which along with other cytokines is
secreted by a number of cells such as: myoblasts, neutrophils, macrophages, fibroblasts,
vascular smooth muscle cells and vascular endothelium (Li & Reid, 2000; Otis et al., 2014)
These cytokines are usually produced in response to damage or infection of tissue and form
part of the normal inflammatory response (Zhang & Zheng, 2007) . However, in diseases
such as advanced HIV, cancer, chronic infections (Deeks et al., 2013; Ali et al., 2013) and
sarcopenia (Sakuma & Yamaguchi, 2012), prolonged and increased expression of these
cytokines are believed to underpin catabolism and therefore wasting of skeletal muscle
(Grounds, 1998; Reid & Li, 2001; Tajrishi et al., 2014). TNF-α blocks myogenic differentiation
(Li et al., 1998; Langen et al., 2001; Li et al., 2014) and causes extensive cell death in C2
cells (Stewart et al., 2004) via a plethora of signalling pathways (Figure.1.6). Cell culture
studies have additionally demonstrated that prolonged exposure of differentiated
myotubes to clinically relevant levels of TNF-α (1-6 ng/ml) stimulates muscle protein
degradation (Li et al., 1998).
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Figure 1.6. TNF-α signalling pathway. Taken from (Mocellin et al., 2005).
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1.1.10 Interleukin (IL-6)
IL-6, a pleiotropic cytokine, is produced by a number of cells including: myoblasts,
myofibres, adipocytes, macrophages, neutrophils, endothelial cells and osteoblasts (Yin et
al., 2013; Muñoz‐Cánoves et al., 2013). IL-6 exerts its effects following cell surface receptor
binding and activation of a host of signaling pathways, illustrated in Figure.1.7).

Figure 1.7. IL-6 signalling pathway. Taken from (Ni et al., 2004).

IL-6 mRNA knockdown decreases muscle-specific gene expression in cultured C2C12
myoblasts (Baeza-Raja & Muñoz-Cánoves, 2004; Serrano et al., 2008) , suggesting an antimyogenic role for this cytokine (Muñoz‐Cánoves et al., 2013). IL-6 infusion or overexpression in murine models induces muscle atrophy (Muñoz‐Cánoves et al., 2013; B. K.
Pedersen & Steensberg, 2004). Despite these data, IL-6 is also reported to have beneficial
effects in skeletal muscle, being linked with hypertrophy and myogenesis (Serrano et al.,
2008; Muñoz‐Cánoves et al., 2013). Supportive evidence derived from IL-6 knock-out
models revealed a blunted hypertrophy response compared with wild-type controls. The
contrasting effects of IL-6 on muscle remain to be explained, but one possibility is that
endogenous levels produced during non-inflammatory situations are beneficial, whereas
when IL-6 is overproduced in scenarios where inflammation or other pathological
processes are occurring it is detrimental.

11

1.1.11 Protein synthesis/degradation imbalance
An imbalance between protein synthesis and protein degradation, resulting in the increase
of damaged proteins, is also associated with aging skeletal muscle and sarcopenia ( Kalyani
et al., 2014). The rate of protein synthesis in aged muscle is diminished. There are
numerous causes of decreased protein synthesis in aged skeletal muscle, such as
underproduction of circulating and tissue-associated GH and IGF-I (Arthur & Cooley, 2012).
Low levels of IGF-I in aged muscle are related to the high expression of muscle growth
inhibitors including the pro-inflammatory cytokines TNF-α and IL-6. In skeletal muscle of
aged (70 y) subjects, there is a 45% decrease in growth hormone receptor protein (GHRS)
and IGF-I mRNA, along with a 2.8 fold increase in TNF-α mRNA relative to young (20 y)
subjects (Arthur & Cooley, 2012). Aged women with lower IGF-I levels and greater IL-6
relative to younger women, demonstrate aspects of disability and early mortality (Arthur
& Cooley, 2012).
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1.2. Summary
Although it is important to understand the molecular mechanisms underpinning muscle
wasting with aging, it is ultimately the failure of cell function that leads to all aging
phenomena. Part of the cause of cellular dysfunction in old age is thought to be chronic,
low grade, systemic inflammation in the face of reduced anabolic drives. Skeletal muscle
and its resident stem cells provide good models of cellular and tissue failure with age. Easy
access to muscle-derived stem cells provides a tool with which to assess local vs.
environmental triggers of age-related cellular dysfunction.
At the outset of this programme of research, it was hypothesised that murine and human
myoblasts could be utilised interchangeably as models of muscle aging and atrophy. To
investigate this concept, in chapter 3, models of older (C2) and younger (C2C12) murine
myoblast lines are used. The impact of anabolic (IGF-I) and catabolic (IL-6 and TNF-α) stimuli
on their differentiation capacity are investigated. Chapter 4 extends these studies through
the use of primary myoblasts derived from old and young human muscle. These cells are
similarly exposed to anabolic (IGF-I) and catabolic (IL-6 and TNF-α) stimuli, with
differentiation as the output measure. The objectives were to investigate the basal fusion
potential of older and younger myoblasts and to examine the subsequent impact of growth
factor/cytokine administration on myoblasts differentiation. Finally, in chapter 5, the
potential of these cells as future models of aging muscle are compared and contrasted.
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Chapter 2
Materials and Methods
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2.1. Materials
2.1.1. Chemicals, solvents and reagents
Details regarding plastic ware and chemicals and solvents (analytical (AnalaR) or molecular
biology/tissue culture grade) are presented in Tables.2.1 and 2.2.
Table 2.1. List of Plastic ware

Name
Plastic ware
Cryogenic vials
Cell scrapers
Syringes
500-ml bottle top filters
0.22 and 0.2 µm syringe filters
96-well clear UV plates
96-well plates for protein assays
Flowcytometry tubes
Pipette tips for tissue culture
Neubauer haemocytometer
Isopropyl alcohol (IPA) freezing chamber

Company
Greiner Bio-one, (Kremsmunster, Austria)
Nalgene, (NY, USA),
Nalgene, (NY, USA),
Terumo, (Leuven, Belgium)
Corning, (NY, U.S.A)
Corning, (NY, U.S.A)
BD Biosciences (San Jose, USA)
Thermo Fisher Scientific ( Roskilde, Denmark)
BD Biosciences (San Jose, USA)
Fisher Scientific UK (Loughborough, UK)
(Sondheim, Germany)
Nalgene (NY, USA)
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Table 2.2. List of tissue culture reagents

Name
Heat-inactivated (hi) foetal bovine serum (FBS)
Heat-inactivated newborn calf serum (hiNCS)
Heat-inactivated horse serum (HS)
Penicillin/streptomycin and trypsin
L-glutamine
Gelatin type A from porcine skin
Glass ware
Phosphate-buffered saline (PBS)
Trypsin or TryPLE Express
Medium 199
Gentamycin
Recombinant human epidermal
growth (Hu EGF) and dexamethasone
Recombinant human insulin
Epidermal growth factor (EGF)
Recombinant human fibroblast
growth factor-basic (FGFb)
Recombinant human fibroblast growth-basic (FGFB)
Bovine fetuin
Dimethyl sulphoxide ( DMSO)
Trypan blue stain
Texas Red_-X Phalloidin
Anti-Myosin Heavy Chain (MyHC)
DAPI (4',6-diamidino-2-phenylindole)

Company
(Life Technologies,UK )
Gibco (Paisley, Scotland)
TCS Biosciences (Corby, England)
Bio Whittaker (Wokingham, England)
BDH (Poole, England)
Sigma (St. Louis, USA)
Oxoid (Basingstoke, England)
Oxoid (Basingstoke, England)
(Life Technologies, UK)
(Invitrogen, UK)
(Invitrogen.UK)
(Sigma, UK)
(Life Technologies, UK)
(Life Technologies, UK)
(Life Technologies, UK)
(Life Technologies, UK)
(Life Technologies, UK)
(Life Technologies, UK)
(Life Technologies, UK)
(BDH, UK)
(Bio Whittaker, UK)
(Sigma Aldrich, UK)
(Bioscience, UK)
(IHC World, USA)

2.1.2. Biochemical assays
Protein and creatine kinase (CK) activity analyses were performed using a Bio-Tek ELISA
plate reader and analysed with Bio-Tek KC Junior Microplate. Data Analysis Software,
(Winooski, USA). Reagents for protein assays were purchased from Pierce (Division of
Thermo Fisher Scientific, Roskilde, Denmark) and CK reagents were from (Catachem, USA).
2.1.3. Cell Origin
Mouse C2 skeletal myoblasts were originally from the American Tissue Culture Collection
(ATCC) Rockville, MD, USA. They are derived from crush-injured murine C3H leg muscle
(Yaffe & Saxel, 1977). Human cells were kindly donated by the laboratories of Prof. G.
Butler-Browne. The compositions of cell culture media are presented in table. 2.3.
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2.1.4. Cell culture medium
Table 2.3. Composition of cell culture media

Types of

Mouse cells

Human cells

medium
Growth medium GM constituted: 400 ml

GM constituted: 320 ml DMEM and 80 ml

(GM)

DMEM with foetal bovine

Medium199.

serum (hiFBS; 10%), hi

supplements were as follows: hiFBS (20%),

newborn calf serum

gentamycin (50 µg/ml), dexamethasone (0.2

(hiNCS; 10%), L–

µg/ml) recombinant human epidermal growth

glutamine (2 mM), and

(Hu EGF; 5 ng/ml), bovine fetuin (25 µg/ml)

penicillin-streptomycin.

recombinant human fibroblast growth-basic

(1%). GM was stored at

(rhFGF; 0.5 ng/ml) and recombinant human

4°C and used within 2

insulin (5 µg/ml). GM was stored at 4°C and

months.

used within 2 months.

Differentiation

DM constituted: DMEM,

DM constituted DMEM, insulin (10 μg/ ml),

medium (DM)

hiHS (2%), Pen-strep

gentamycin (50 μg/ ml). DM was stored at 4°C

(penicillin/Streptomycin)

and used within 2 months.

(1%), L-glutamine (2
mM). DM was stored at
4°C and used within 2
months.
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Final

concentrations

of

2.1.5. Cell Handling
All cell culture was performed in a microbiological safety cabinet (Labcaire SC-R
Recirculating Class II, UK). All cells were incubated in a Triple Red Laboratory Technology
NuaireTM DH AutoFlow CO2 Air Jacketed Incubator (Buckinghamshire, UK). A Leica
DMI6000B microscope (Wetzlar, Germany) was used to capture photomicrographs.

2.2. Methods
2.2.1. Culture of skeletal myoblasts
The C2C12 cells are a subclone of the C2 cell line (Chiu & Blau, 1985). Human C83 cells are
from an older donor and C25 from a younger donor. Murine and human myoblasts
maintain a fibroblast-like phenotype in GM, but rapidly withdraw from the cell cycle and
undergo myogenic differentiation upon serum reduction (transfer to DM). Growth of cell
cultures to confluency and routine maintenance were carried out in a class II laminar flow
hood using aseptic techniques. Cells were rapidly thawed and seeded onto 0.2% gelatinecoated 75-cm2 flasks supplemented with GM. Cells were maintained in humidified
incubators at 5% CO2 and 37°C . Media were replaced every 24-48 hours. Upon attaining
90-100% confluency cells, were washed in phosphate-buffered saline (PBS), trypsinised,
counted and sub-cultured for expansion or experimentation. Cell viability was determined
using trypan blue counting and a Neubauer haemocytometer (see below and Figure.2.1).
Cells not used for experiments or subculture were frozen at 1×10 6 cells/ml in GM plus
dimethyl sulphoxide (DMSO; 10%). The cells were transferred to an isopropyl alcohol
freezing chamber (Nalgene, NY, USA) and placed at -80°C to freeze the samples at a rate of
1°C/min. Following 24h, the cells were transferred and stored in a Statebourne cryogenics
liquid nitrogen storage tank.

18

2.2.2. Differentiation of myoblasts
At confluence and following two washes with PBS, myoblasts were induced to differentiate
by replacing GM with DM. After 48 hours (murine myoblasts) and (human cells), myotube
formation became evident and progressed over the following 24-48 hours. Morphological,
biochemical, flow cytometric and protein analyses were performed over a relevant time
course as detailed below.
2.2.3. Cell counting by trypan blue exclusion
Cell counting was performed using a Neubauer haemocytometer (Figure.2.1). Data derived
from this enabled the cell number per ml of suspension to be calculated. The proportion of
dead cells was determined using the cell viability stain, trypan blue, which penetrates
membranes of non-viable cells only. A mixture of cells: trypan blue (1:1) were counted in
four grids (Figure.2.2) with each individual counting area of the haemocytometer
representing a total volume of 0.1 mm3. The cell number per ml was calculated using the
following calculation:
Cells per ml = Average cell count in 4 grids /4 × dilution factor ×
1×104
Equation 2.1. Calculation of viable and dead cell number following haemocytometer counting
Total cell number is calculated by multiplying the cells per ml with the total volume of the cell suspension from which
the cells sample was removed.
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Figure 2.1. Neubauer haemocytometer (Figure taken from www.sigmaaldrich.com).

Figure.2.2. Haemocytometer counting grid (Figure taken from (www.sigmaaldrich.com).

19

2.2.4. Reconstitution of cytokines
Recombinant human TNF-α (Life Technologies, UK) was reconstituted in 100 µl sterile
filtered water to produce a stock solution of 100 µg/ml. Recombinant human IGF-I (Life
Technologies, UK) was reconstituted in 200 μl to produce a stock solution of 100 µg/ml.
Recombinant human IL-6 (Life Technologies, UK) was reconstituted in 50 μl of acetic acid
to produce a stock of 100 µg/ml. All stocks were stored at -20°C until required.
2.2.4.1. Culture with human recombinant cytokines
For experimentation, myoblasts were plated in duplicate in gelatin-coated plates at
densities of: 60,000 cells per well (6-well plate) for mouse myoblasts and 100.000 calls per
well (12-well plate) for human cells. Following overnight incubation, GM was aspirated and
replaced with DM in the absence or presence of TNF-α (10 or 20 ng/ml), IL-6 (10 or 20
ng/ml) or IGF-I (30 or 100 ng/ml). Time courses of harvesting were performed as
appropriate.
2.2.5. Cell lysis for creatine kinase (CK) and total protein assays
Following incubation for relevant times, cells were washed twice in PBS and lysed in
Tris/MES Triton (50 mM Tris-MES, pH 7.8, 1% Triton X-100). Cells were lysed at room
temperature for 10 minutes prior to storage at -20°C. Protein and CK assays were all
completed within 2 weeks of the sample being obtained.
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2.2.5.1. Creatine kinase assay
Creatine kinase (CK) activity can be used as a biochemical marker of the progression of in
vitro muscle cell differentiation. In the creatine kinase assay, endogenously derived CK
catalyses the reaction between creatine phosphate and adenosine diphosphate (ADP),
forming creatine and adenosine triphosphate (ATP). Within this assay, the ATP formed is
utilised to phosphorylate glucose, producing glucose-6-phosphate (G-6-P) in the presence
of hexokinase (HK). Subsequently, G-6-P is oxidised to 6-phosphogluconate (6-PG) in the
presence of nicotinamide adenine dinucleotide (NAD). This reaction is catalysed by glucose6-phosphate dehydrogenase (G-6-PDH). During the oxidation, an equimolar amount of
NAD is reduced to NADH increasing the absorbance at 340nM. The rate of change of
absorbance is directly proportional to endogenous CK activity.

CK
Creatine phosphate + ADP
HK

ATP + Glucose
G-6-P + NAD

Creatine + ATP

G-6-PDH

ADP + G-6-P

6-PG + NADH

Increased absorbance at 340nm

Equation 2.2. Enzyme reactions involved in the creatine kinase (CK) assay (Smith et al., 1985)
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2.2.5.2. Creatine kinase assay procedure
Cells were differentiated for the relevant time periods prior to washing and harvesting as
detailed above. The CK assay was performed at room temperature as follows: 4 µl of
sample was added to 200 µl CK reagent in duplicate in a 96-well UV transparent flat-bottom
plate. The contents were mixed and incubated for 3 minutes prior to serial reading (every
minute for up to 20 minutes) at 340 nm using an ELx800 microplate reader (Biotek, USA).
Initial and final readings were used to calculate the change in absorbance per minute
(ΔA/min). CK activity (U/l) was calculated using the following equation:
ΔA/min = ((Final A - Initial A) ÷ (Final Reading Time – Initial Reading time (mins))
CK activity was then determined using the following calculation:
CK (U/l) = (ΔA/min × TV × 1000) ÷ (6.22 × SV)
Where:
ΔA/min

=

Change in absorbance per minute at 340 nM

TV

=

Total volume (ml)

SV

=

Sample volume (ml)

6.22

=

Millimolar absorptivity of NADH at 340 nm

1000

=

Conversion of Units per ml to Units per litre.

Therefore using 10 μl of sample and 200 μl of reagent the following equation applies:
CK (U/l) = (ΔA/min × 0.21 × 1000) ÷ (6.22 × 0.01)
Equation 2.3. Calculation of creatine kinase activity(CK)
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Figure 2.3. Linear Relationship of a single samples absorbance (y axis) per minute at 340 nm over 34 minutes
There is good correlation observed (r = 0.99) readings taken at 2-13 minutes (early) and 25 to 36 minutes (late)
suggesting readings taken at an early time point are a good.

2.2.5.2. Estimation of protein concentration
Bicinchoninic Acid™ (BCA) is used to determine the protein concentration in the cell lysates.
Briefly, the assay detects Cu+, which is formed when Cu2+ is reduced by protein in an alkaline
environment (Smith et al., 1985). The purple-coloured reaction product is formed by the
chelation of two molecules of BCA with one Cu+. This water-soluble complex exhibits a
strong absorbance between 540 and 590 nm that increases linearly with increasing protein
concentrations. Protein concentrations were determined with reference to Bovine Serum
Albumin (BSA) standards of known concentration that were assayed alongside the cell
lysates.
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2.2.7. Immunocytochemical analysis
Cell monolayers were washed in PBS, fixed in 3.7% formaldehyde, and incubated at room
temperature for 10 minutes. The fixative was aspirated and the wells washed 3 times for 3
mins with PBS to remove excess paraformaldehyde prior to storage at 4°C for up to one
week. Cells were washed briefly three times with PBS before being permeabilised with 0.1%
Triton X-100 for 10 minutes at room temperature. Following Triton removal, cells were
washed with PBS before staining with Texas Red-X Phalloidin at a final dilution of 1:1000.
AntiMyosin Heavy Chain (MyHC) Alexa Fluor_488 was added at 4 µg/ml and for nuclear
staining, 4', 6-diamidino-2-phenylindole (DAPI) was added at a final dilution of 1:5000. After
a 30-min incubation, the treated cells were photographed using a Leica DMI 6000B imaging
system.
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Chapter 3
Effect of inflammatory cytokines on old C2 and young C2C12
myoblast muscle cells in vitro
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3.1. Introduction
Many chronic diseases and aging are associated with elevated systemic inflammation.
Inflammatory cytokines, such as (TNF-α) and interleukin-6 (IL-6) have a negative impact on
whole body function (Sprague & Khalil, 2009; Holecek, 2012), including inducing a
reduction in muscle mass which is associated with a poor prognosis. Understanding the
mechanisms underpinning inflammation-induced muscle wasting in chronic diseases such
as muscular dystrophy, cancer, AIDS, chronic infections, and inflammatory myopathies,
aging may ultimately provide routes for therapeutic interventions (Costamagna et al.,
2015a). Ways in which cytokines can affect muscle-wasting is via their impact on myoblasts
survival and proliferation (Yin et al., 2013).
By contrast, several polypeptide growth factors, including (IGF-I) have been implicated as
stimulators of myogenic survival, proliferation and differentiation (Velloso, 2008; Yin et al.,
2013). Indeed, in aged muscle, the reduction in protein synthesis that is evident, is
associated with reduced IGF-I availability (Barbieri et al., 2003). In association with altered
systemic environments, it is also possible that changes within the muscle itself may
attenuate the responses to growth factor and cytokines with aging.
The objectives of this research were to identify differences in the response to TNF-α, IL-6
and IGF-I between the C2 and C2C12 myoblasts. It was hypothesised that responses to IL-6
and TNF-α would be exacerbated, whereas those to IGF-I would be blunted in C2 vs. C2C12
cells. The overarching aim of such research is to reduce muscle wasting with age.

3.2. Methods
The methods for myoblast treatment are detailed in the general methods chapter. Briefly,
C2 and C2C12 murine skeletal myoblasts were exposed to DM, TNF-α (2.5 ng/ml or 10
ng/ml), IGF-I (50 ng/ml or 100 ng/ml) and IL-6 (2.5 ng/ml or 10 ng/ml) for 48 and 72hrs. The
morphological alterations in differentiation were confirmed using biochemical analyses.
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3.3. Statistics
All experiments were repeated three times in duplicate, unless otherwise stated, and were
analysed, using GraphPad Prism software version 5.0 (La Jolla, CA, USA). One-way ANOVA
was used to compare the effects of all the experimental conditions followed by Bonferroni
post hoc analysis. Results were presented as mean ± standard deviation (SD). The
significance was accepted as P ≤ 0.05.
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3.2. Results
3.2.1. Morphological differences in differentiation of young C2C12 compared with old
C2 cells.
Both C2 and C2C12 cells showed evidence of fusion following 48 hours incubation under
control conditions (Figure.3.1). Following 72 hours, however, the myotubes evident in the
C2C12 cells are more extensive and abundant than those seen in the C2 cells, suggesting
the C2C12 cells have greater myogenic potential than C2 cells.

Figure 3.1. Young C2C12 myoblasts cells showed more myotube formation compared to old C2 myoblasts cells.
Old C2 do not differentiate as capably compared with young C2C12, which showed fully myoblasts fusion and
differentiated myotube formation by 72hrs. Representative images of old C2 and young C2C12 mouse myoblasts
cultured in differentiation medium (DM) for 48 and 72hrs. Arrows indicated the myotube formation in the old and
young myoblasts. Images are representative of 3 experiments performed in duplicate. (10× magnification).
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3.2.2. Impact of TNF-α on mouse skeletal muscle cells during differentiation
Experiments assessed dose responsive effects of 2.5 ng/ml or 10 ng/ml TNF-α on C2 and
C2C12 myoblasts survival and differentiation at 48 and 72hrs. Photomicrographs illustrate
a more potent impact of higher vs. lower dose TNF-α on the induction of cell death and
inhibition of differentiation. This appears to be exacerbated in C2 vs. C2C12 myoblasts
(Figure.3.2). Having determined that TNF-α is capable of reducing differentiation, most
particularly in C2 vs. C2C12 cells, we next wished to determine the impact of IGF-I on
cellular behaviour.

Figure 3.2. Old C2 myoblasts cells induced more cell death compared to old C2C12 myoblasts cells.
Images showed the lack of myotube formation and numerals of dead cells in C2 cells while C2C12 remained to
differentiate with a few cell death. TNF-α inhibited myogenic differentiation in old C2 cells. Representative images of
C2 and C2C12 myoblasts in the presence of TNF-α (2.5 ng/ml and 10 ng/ml) at 48 and 72 hrs. Arrows indicated the dead
cells in young and old myoblasts. Images are representative of 3 experiments performed in duplicate. (10×
magnification).
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3.2.3. Impact of IGF-I on mouse skeletal muscle during differentiation.
The impact of IGF-I (50 ng/ml and 100 ng/ml) on mouse skeletal myoblasts was investigated.
In presence of IGF-I both myoblasts lines increased differentiation, however, this was greater
in C2C12 vs. C2 cells, particularly at the higher dose (Figure.3.3). Having determined that C2
and C2C12 cells behave differentially under basal conditions and that their ability to survive
and differentiate is diminished in the presence of both TNF-α and stimulated by IGF-I, we next
wished to investigate the impact of IL-6 on myoblasts differentiation.

Figure 3.3. Young C2C12 myoblasts IGF-I induced more myotube formation compared to old C2 myoblasts.
C2C12 cells treated with high IGF-I dose induced number of myotube formation and more myoblast fusion compared to
C2 cells, specifically at 72hss. IGF-I induced myogenic differentiation in young C2C12 cells. Representative images of C2
and C2C12 myoblasts in the presence of IGF-I (50 ng/ml and 100 ng/ml) at 48 and 72 hrs. Arrows indicated the myotube
formation in the old and young myoblasts. Images are representative of 3 experiments performed in duplicate. (10×
magnification).
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3.2.4. Impact of IL-6 on mouse skeletal muscle cells.
Cells were treated with IL-6 (2.5 and 10 ng/ml) for 48 or 72 hrs. IL-6 induced alteration on
young (C2C12) and old (C2) myoblast cell morphology during differentiation. Morphological
changes induced by IL6 were minimal at both times and in both cell lines (Figure. 3.4)

Figure 3.4. Old C2 myoblasts cells induced more cell death and less myotube formation compared to young C2C12
myoblasts cells.
C2C12 cells remained to differentiate (myotube formation) with small number of cell death particular with high dose.
IL-6 were inhibited myogenic differentiation in old C2 cells. Representative images of C2 and C2C12 myoblasts in the
presence of IL-6 (2.5 ng/ml and 10 ng/ml) at 48 and 72 hrs. Arrows indicated the dead cells in the old and young
myoblasts. Images are representative of 3 experiments performed in duplicate. (10× magnification).
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3.4.5 Biochemical differentiation of young and old murine myoblasts
Having determined that under control conditions, C2 cells appear to form smaller
myotubes than C2C12 cells over a 72 hour period, are more prone to the negative impact
of cytokines and resistant to the beneficial effects of IGF-I, we wished to confirm these
findings at a biochemical level. Myoblasts were cultured as above and protein
concentration and creatine kinase activity were assessed.
C2C12 cells displayed higher protein concentrations compared to C2 cells under all culture
conditions (Figure.3.5). TNF-α elicited a reduction in protein concentration in C2 cells,
which was not apparent in C2C12 cells. Surprisingly, IGF-I also caused a reduction in protein
levels in C2 cells and at higher doses in C2C12 cells. Finally, IL-6, independent of dose,
caused a reduction in protein levels in both cell lines.

Figure 3.5. Protein concentration of old C2 vs. young C2C12 mouse myoblasts in the presence and absence of TNF-α,
IL-6 and IGF-I.
In all condition, there was significant increased in total protein in young C2C12 cells vs. old C2 cells, in presence of TNFα, IGF-I and IL-6. Data is taken from 3 experiments in duplicate. Graph depicts means ± SD. ***P ≤ 0.001.
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We next compared creatine kinase activity, a marker of biochemical differentiation, under
the culture conditions described above and in both cell lines after 48hrs. C2 cells showed
lower biochemical differentiation compared to C2C12 cells under all conditions. TNF-α
induced a dose-dependent reduction in creatine kinase activity in both cell lines, but this
was more pronounced in the C2 vs. the C2C12 cells. As anticipated, IGF-I elicited a doseresponsive increase in the C2C12 cells. By contrast, it was without beneficial effect in the
C2 cells and indeed apparently suppressed CK activity in these cells, when compared with
DM controls. Finally, IL-6 had little impact in both cell lines, compared with their own DM
control.

Figure 3.6. Creatine kinase (CK) activity of old C2 vs. young C2C12 mouse myoblasts in the presence and absence of
TNF-α, IL-6 and IGF-I.
Young C2C12 cells have higher CK activity than old C2 cells suggesting more differentiation. Data are taken from 3
experiments, in duplicate. Graph depicts means ± SD. ***P ≤ 0.001.
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3.3. Discussion
Within an aging population, a key question yet to be addressed is whether younger and
older myoblasts behave differently to encounters with hypertrophic vs. atrophic agents.
The models developed within this chapter provide a novel system with which to begin to
address such questions. The main morphological and biochemical observation revealed by
these studies is a better differentiation potential in the model of younger (C2C12) vs. older
C2) myoblasts. When examining the impact of cytokines on myoblasts behaviour, it is
immediately apparent that the C2 cells are more susceptible to the inhibitory effects of the
higher dose TNF-α on differentiation, compared with the C2C12 cells. This effect is not
evident with IL6 treatment, which at the doses investigated was with little impact on either
cell line. Finally, while the C2C12 cells responded positively to IGF-I administration, with an
increase in differentiation, this was not the case in the C2 cells and indeed these seemed
to be negatively influenced by this growth factor at the doses tested. Overall, these data
suggest, using a model of older and younger myoblasts, that younger cells respond as
anticipated to both hypertrophic and atrophic agents. In accordance with expectations, the
older cells are more responsive to the atrophic impact of TNF-α, but in contrast to
hypotheses, IGF-I inhibited rather than stimulated myoblasts differentiation.
In vivo human studies suggest that a chronic, yet low level increase in systemic IL-6 may be
responsible for the age-related decrease in muscle mass (Visser et al., 2002; Barbieri et al.,
2003; Maggio et al., 2006; Woods et al., 2012). C2C12 cells do not support this observation.
Although there is less fusion in the C2 vs. C2C12 cells under basal conditions, neither line
displays an atrophic response to IL-6 administration. Therefore, the loss of muscle mass
with age, may not be attributable to an increased systemic concentration of or sensitivity
to IL-6 in old myoblasts.
Several studies of muscle loss with age and chronic disease suggest that TNF-α is a potent
mediator of muscle wasting. Early in vivo rodent (Llovera et al., 1993) and in vitro cell
models (Stewart et al., 2004) already supported this hypothesis. However, to date none
have compared potentially exacerbated responses as a result of age. In the present study,
we confirmed earlier observations of the detrimental impact of TNF-α on muscle cell
differentiation. Here, we extend these findings to reveal that the differentiation of older
C2 cells is impaired more extensively compared with the younger cell model. These data
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complement studies by (Jejurikar et al., 2006), who reported that older myoblasts in rodent
models in vivo are more prone to the apoptotic impact of TNF-α vs. younger cells.
Finally, we also compared the impact of IGF-I on myoblasts behaviour. There are extensive
data in the literature reporting the important pro-hypertrophic role of IGF-I in cells and in
rodents e.g. ( Stewart & Rotwein, 1996). Furthermore, there are also human association
studies to suggest a role for IGF-I in hypertrophy in younger vs. older adults (Sharples et al.,
2015). Here, we report a divergence from these reported findings. In contrast to
expectations, the C2C12 cells responded positively to the addition of exogenous IGF-I,
however, the C2 cells appeared to atrophy. Previously we have reported that in the
presence of low dose TNF-α, the co-incubation with IGF-I elicits a potent atrophic, rather
than a hypertrophic response (Saini et al., 2009). It is possible, although unlikely, that under
the present culture conditions, exogenous IGF-I interacts with endogenously produced
TNF-α (Greiwe et al., 2001) by the older cells and that the combined impact is an induction
of atrophy. It is important to note that this is a hypothesis to be tested, for which we have
no current evidence.
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3.4. Conclusion
In this chapter, we report the comparison of parental and daughter cells under basal and
stimulated conditions to ascertain the capability of developing a commercially available
muscle cell model of age- and disease-related wasting. We establish that the older C2 cells
are less able to hypertrophy and, as hypothesised, that the induction of atrophy with
exogenous TNF-α is greater vs. C2C12 cells. In contrast to expectations, IL-6 had little
impact on either cell line under the conditions of culture, whereas IGF-I elicited a
hypertrophic effect in younger and an atrophic effect in older cells. This does indeed
provide a useful model for further exploration of the ageing muscle cell process.
Critically, however, these studies have been undertaken in murine myoblasts with C2 cells
being designated as older and C2C12 as younger. They are not of human origin and not
from old vs. young humans. Therefore, in the next chapter we assess the response of old
and young primary human skeletal muscle cell.
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Chapter 4
Effects of inflammatory cytokines on the differentiation of young
and old human myoblasts in vitro
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4.1.1.

Introduction

Age-related muscle wasting (sarcopenia) is a significant contributor to the loss of
physiological and functional capacity in old age (Narici & Maffulli, 2010; Seene & Kaasik,
2012; Kalyani et al., 2014) and has been strongly linked with morbidity and mortality
(Kalyani et al., 2014; Bonaldo & Sandri, 2013; Passey et al., 2016). The loss of muscle mass
occurs at a rate of 1-2% per year after the age of 50 years in humans ( Kalyani et al., 2014)
and contributes to the majority of the age-related loss of muscle strength and therefore
functional ability and metabolic performance of the older person (Bogdanis, 2012). More
than 50% of the population older than 80 years suffer from sarcopenia, a condition
recognised as a geriatric syndrome and a serious clinical disorder (Cruz-Jentoft et al., 2010;
Kalyani et al., 2014; S. Ali & Garcia, 2014).
While some protein mobilisation from muscle protein is beneficial in acute trauma and
disease, slight but persistent mobilisation of muscle protein in chronic conditions may
result over time in large protein deficits and muscle atrophy that can have significant
implications for the patient, including impaired respiration, mobility and efficacy of
potential treatment(Stewart et al., 2004). Moreover, the atrophied muscle may be more
susceptible to injury during exercise and even during daily life activities ( English & PaddonJones, 2010; Bogdanis, 2012). To repair such damage, satellite cells are required (Yin et al.,
2013).
Skeletal muscle has a notable ability to repair damage (Juhas & Bursac, 2013; Yin et al.,
2013). As skeletal muscle stem cells, satellite cells play an indispensable role in this process
(Yin et al., 2013) . The self-renewing proliferation of satellite cells not only maintains the
stem cell population but also provides numerous myogenic cells, which proliferate,
differentiate, fuse, and lead to repair of damaged fibres or even new myofibre formation
and reconstitution of a functional contractile apparatus (Yin et al., 2013).
The ability of these cells to respond to growth and differentiation signals may be dependent
on the local growth factor/ cytokine environment (Yablonka-Reuveni et al., 1999). Indeed,
cytokines play a crucial role in muscle regeneration by either stimulating or inhibiting
proliferation or differentiation of myoblasts (Karalaki et al., 2009). Prolonged elevations of
proinflammatory cytokines (e.g. TNF-α) and decreased growth factors, such as IGF-I, are
associated with muscle wasting during aging and in several cachectic diseases e.g. AIDS,
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rheumatoid arthritis and cancer (Saini et al., 2010; Suzuki et al., 2013). In line with this, in
rodent models, TNF-α administration can induce a cachetic state (Stewart et al., 2004)
while in murine C2 and C2C12 skeletal muscle cell lines, TNF-α can inhibit myoblasts
differentiation and lead to cell death (Stewart et al., 2004). In the context of the present
work it is important to note that circulating and local levels in skeletal muscle of TNF-α are
increased in aging (Pedersen et al., 2003).
It is not surprising that recent research has focused on the role of the interaction of growth
factors and cytokines in the age-related muscle wasting. However, the majority of such in
vitro studies have been carried out using immortalised rat and mouse muscle cell lines.
While these studies have confirmed the importance of cytokines and IGF-I for myoblasts
survival, differentiation and death, no studies have as yet investigated this in primary
human myoblasts.
Therefore, the aim of the study in this chapter is to assess the impact of IL-6 and TNF-α on
human skeletal muscle myoblasts survival, differentiation and death. It is hypothesised that
TNF-α and, potentially IL-6, will cause impaired proliferation and differentiation and
increased apoptosis that will be rescued using anabolic stimuli (IGF-I). To test these
hypotheses, we compared (1) differentiation (protein, creatine kinase and myotube
formation) of myoblasts obtained from young and old people and (2) the impact of
cytokines with or without concomitant IGF-I supplementation.
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4.1.2. Methods and materials
4.1.2.1. Cell culture
Young and old human skeletal myoblasts donated by the Butler-Browne laboratory (Bortoli
et al., 2003) were grown in T75 flasks in a humidified 5% CO2 atmosphere at 37ºC in growth
medium (GM), until 90-100 % confluence was reached. Cells were incubated in presence
and absence of TNF-α (10 ng/ml or 20 ng/ml), IL-6 (2.5 ng/ml or 20 ng/ml) and IGF-I (50
ng/ml or 100 ng/ml). For detailed methods of culture, cell isolation, histology and analyses,
please see chapter 2.
4.1.3. Statistical analysis
Statistical evaluation of data was performed using Student’s t-tests. Results are presented
as mean ± standard deviation (SD). Differences are considered significant at P≤ 0.05.
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4.2 Results
4.2.1. Morphological differentiation of young and old human myoblasts
Following transfer to differentiation medium, both young and old myoblasts were able to
form large myotubes by 48hrs (Figure.4.1). Exogenous addition of TNF-α inhibited
differentiation of both young and old myoblasts irrespective of dose (Figure.4.1). In the
presence of the low dose of IGF-I, myoblasts fusion appeared to be impaired in both young
and old human cells. At the higher dose of IGF-I there was little impact on fusion in young
cells compared to baseline, but a small facilitation of fusion in old cells (Figure.4.2). Finally,
addition of IL-6 to the human myoblasts appeared to be without significant impact on
fusion potential in both young and old myoblasts, irrespective of dose (Figure.4.3).

Figure 0.1.TNF-α block differentiation and induced less myotube formation in both young and old myoblasts cells.
Morphological images of young and old human myoblasts were induced to differentiate in the absence or presence of
TNF-α (10 ng/ml and 20 ng/ml) at 48 hrs. Representative images show the lack of myotube formation and presence of
numeral of cell dead cells in old and young cells, cell death was marked at the high dose of TNF-α. The white arrows
showed dead cells. Images are representative of 3 experiments performed in duplicate. (10× magnification).
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Figure 0.2. IGF-I induced myoblasts fusion and myotube formation in young and old myoblasts cells.
Representative images of young and old human myoblasts in the absence or presence of IGF-I (30 ng/ml and 100 ng/ml)
at 48 hrs. Images were showed differentiation and fusion of myoblast induced by IGF-I. Also Images were showed fully
differentiated myotube in presence of numeral of cell dead in old and young myoblasts cells , especially with high IGFI dose. The white arrows show the myotube formation in young and old myoblasts. Images are representative of 3
experiments performed in duplicate. (10× magnification).

Figure 0.3. IL-6 induced myotube formation in young and old human myoblasts cells with little number of cell dead.
Representative images of young and old human myoblasts in the absence or presence of IL‐6 (10 ng/ml and 20 ng/ml)
at 48 hrs. Images showed the myotube formation and myoblasts fusion in presence of numeral of cell dead in old and
young myoblasts cells. IL-6 induced differentiation and fusion in old and young myoblast cells. The white arrows show
myotube formation and dead cells. Images are representative of 3 experiments performed in duplicate. (10×
magnification).
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4.2.

Biochemical differentiation of young and old human myoblasts

Following 48hrs of incubation in differentiation medium, protein levels were significantly
higher in old vs. young myoblasts, irrespective of culture conditions (Figure.4.4). The
creatine kinase assay provided evidence to suggest that old myoblasts are better at
biochemical differentiation compared with young human myoblasts, regardless of
treatment conditions. Furthermore, TNF-α induced a reduction in fusion in both old and
young human myoblasts, irrespective of concentration (Figure.4.5), supporting the
morphological findings. Again, in line with the morphological data, creatine kinase activity
was reduced in the presence of the low dose of IGF-I in both young and old cells. The higher
dose of IGF-I improved fusion in old and had little impact on fusion in young human
myoblasts (Figure.4.5). In contrast to morphological data suggesting no impact on
myoblasts fusion, the biochemical data indicate a suppression of differentiation in response
to IL-6, most marked in the older human cells (Figure.4.5).

Figure 4.4 Creatine kinase (CK) activity of old vs. young human myoblasts at 48hrs in the absence or presence of TNFα, IGF-I and IL-6.
Basally (DM) and IGF-I, the old cells have higher CK activity than young cells. Old cells and young cells have reduced CK
activity in TNF-α and IL-6 condition. Data are taken from two experiments. Mean value ± SE (*P ≤ 0.05, **P ≤ 0.01, ***P
≤ 0.001). Data are taken from two experiments. Mean value ± SE (*P ≤0.05, **P < 0.01, *** P < 0.001) statistically
significant.
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Figure 0.4. Total Protein concentration of old vs. young human myoblasts cells at 48hrs .
In all conditions, there was significant increase in total protein in old cells vs. young cells in presence of TNF-α, IGF-I and
IL-6. Total Protein concentrations in old and old human myoblasts at 48hrs in the absence or presence of TNF-α, IGF-I
and IL-6. Data are taken from two experiments, in duplicate. (*P <0.05, **P < 0.01, ***P < 0.001) statistically significant.

4.2.3. Immunocytochemical markers of differentiation in young and old human
myoblasts
The morphological and biochemical analyses revealed that TNF-α impaired fusion
myoblasts. The derived data for IGF-I and IL-6 revealed some unexpected results, which
warranted further investigation. To facilitate this process, cells were stained for actin and
myosin (Figure.4.6). Easier visualisation of myotubes consolidated the prior findings,
confirming reduced fusion in the presence of the low dose IGF-I in both young and old cells
and improved fusion in old cells only at the higher dose (Figure.4.6). In line with the
biochemical data, the immunocytochemical studies suggest that IL-6 suppressed
differentiation (Figure.4.6).
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A

B

Figure 0.5. Immunofluorescent staining of young and old human myoblasts cells in the absence or presence of IGF-I
and IL-6 at 48hrs.
Figure ( And B) young and old myoblasts cells were cultured in differentiation medium in presence or absence of A) I
GF-I or B) IL-6 for 48 hrs to induce myotube formation. Cells were fixed and stained with anti MHC (green), Phalloidin
(red) and DAPI (blue). Bright field images of differentiated old and young myoblast cultured in differentiation medium
(DM) in presence and absence of IGF-I and IL-6. Merged images showed old and young myoblasts stained with anti MHC
and Phalloidin to visualize myotubes. In addition, nuclei were visualized by DAPI staining. In A) it can be seen that high
IGF-I dose improved the old myoblast fusion. Scale bar =25 µm. Images were captured with a Leica DMI6000B
microscope.

52

4.3. Discussion
Following the assessment of changes in murine models of age and inflammation, this
chapter was devoted to extending murine models into old and young human myoblasts
cultures. It was observed that old human myoblasts are capable of improved fusion
compared with young human myoblasts. While TNF-α induced a reduction in fusion in both
old and young human myoblasts, the response to IGF-I differed, in that the higher dose IGFI improved fusion in old but had little impact on fusion in young human myoblasts. IL-6
suppressed differentiation, which was most marked in the older human cells.
In contrast to expectations and to extensive literature indicating age-related muscle
wasting e.g.(Degens, 2007), we provide evidence to suggest that old muscle cells are in fact
capable of efficient fusion. In contrast to the hypothesis that older muscles are less able to
regenerate following injury compared with young muscle (Conboy et al., 2005; Carlson &
Faulkner, 1989), the Harridge’s group (Alsharidah et al., 2013) provide convincing data to
suggest that under basal conditions, mixed muscle-derived cell populations isolated from
older or younger donors are indistinguishable in terms of myogenic potential. These
apparently conflicting findings provide important insights into the role of the local.
Systemic environment on myoblast behaviour. Our derived data extend the findings of
Alsharidah et al. (2013), whereby a pure population of human myoblasts suggests even an
improved capability of old muscle cell fusion.
To assess whether young and old myoblasts respond differently to the local environment,
cells were exposed to equivalent culture conditions in the presence of relevant anabolic
and catabolic agents. In line with expectations, TNF-α reduced myoblasts fusion (Stewart
et al., 2004), however, the degree of impairment was similar in both young and older
myoblasts. The inhibition of fusion in the presence of IL-6 was greater in older than younger
cells, perhaps underlying the age-related muscle wasting phenotype (Visser et al., 2002).
These findings do indicate that cytokines impact negatively on human-derived muscle cells
and that cell age impacts on behaviour, although differing mechanisms of adaptation
warrant investigation.
Wishing to determine the impact of a hypertrophic agent on human myoblasts adaptation,
we investigated the response of the cells to IGF-I (e.g.( Stewart & Rotwein, 1996).
Surprisingly, the lower dose of IGF-I resulted in a reduction, not an increase, in myoblasts
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fusion in young and old myoblasts. By contrast, in old myoblasts, only, there was a
hypertrophic response to the higher dose IGF-I. It has been reported that IGF-I acts to
promote survival and proliferation as well as differentiation of myoblasts. One could
therefore speculate, given the current data, that in younger cells IGF-I acts to facilitate
survival as a dominant output, but in older cells, fusion is the preferential response. This is
supported by data of Edstrom and Ulfhake suggesting the sarcopenia is not due to a lack of
regenerative drive in old muscle (Edström & Ulfhake, 2005).

4.4. Conclusion
This chapter provides evidence of the development of a relevant human myoblasts model
to study both fusion potential with age and the response of myoblasts to environmental
stimuli. In addition to differences in basal fusion capability, where older myoblasts are as
efficient as, or better than, younger myoblasts at forming myotubes, both young and old
appear to respond differently to anabolic and catabolic stimuli.

54

Chapter 5
General Discussion
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5.1. General Discussion
At the outset of this programme of research, it was hypothesised that murine and human
myoblasts could be utilised interchangeably as models of muscle ageing and atrophy.
Objectives were to investigate basal fusion potential of older and younger myoblasts and
to examine the subsequent impact of growth factor/cytokine administration on myoblast
differentiation. The aim was to provide a viable and relevant muscle cell model that can be
used to reliably predict or screen the response to modulators of muscle mass. Table.5.1
summarises the main findings of the studies.
Table 0.1. Summarises the main findings of the studies
Summary of the differentiation responses of young and old human and murine myoblasts. In the control row, arrows
indicate fusion differences between young and old cells and in the other rows, arrows indicate the response to the
trigger administered, in the absence of an arrow, there was no change from baseline.

Mouse Model
C2C12(Young) C2(Old)

Human Model
Young
Old

Control
IGF-I low
IGF-I high
TNF-α
IL-6

In the murine model, and in line with expectations, the higher dose IGF-I resulted in
improved fusion in younger, but reduced fusion in older, myoblasts. By contrast and
unexpectedly, in human myoblasts the opposite observation was made, where the higher
dose of IGF-I resulted in reduced fusion in younger but increased fusion in older myoblasts.
The improved fusion in both models was associated with enhanced fusion potential at the
baseline, which should therefore be considered when choosing models of study. It is
currently not known what drives altered basal fusion capability and the subsequent
enhanced response to IGF-I. Therefore, the two models together provide an opportunity to
further investigate this finding.
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When assessing the impact of catabolic cytokines on myoblasts fusion, both models were
consistent in greater negative responses elicited by older vs. younger myoblasts, despite
differences in detail e.g. older murine myoblasts are more responsive to TNF-α and older
human myoblasts to IL-6 administration. The impaired differentiation in response to the
cytokines may underlie the muscle wasting evident in older age.
In progressing these models further, several questions arise relating to both growth factor
and cytokine responses, however the most exciting questions which immediately arise are
related to basal and IGF-I responses, as follows:
1. What defines the basal difference in fusion capacity within the two models?
2. Why do the two models differ in their age-related response to IGF-I?
To address these questions, molecular and intracellular signalling technologies need to be
applied. If fundamental mechanisms can be determined and manipulated, they provide
relevant information for pharmacological interventions in muscle wasting disorders.

5.2. Limitations
Interactions between growth factors and cytokines, which are known to play an important
role in muscle behaviour, have not been investigated. It is also noted that in any organism,
there are significantly more factors that impact in concert than those which we have
chosen to study here in isolation. However, as an advantage, the approach utilised here
can define cleanly the role of an isolated stimulus on, in this case, myoblasts behaviour that
can be used as a foundation for further study.

5.3. Conclusion
The concluding observation of these studies is that the impact of aging on fusion capability
differs between murine and human myoblasts. Part of the differential response to stimuli
in these models may be related to the basal differences in fusion capacity. Therefore, care
should be exerted when selecting the model of choice as the two cannot be used
interchangeably. They do, however, potentially provide useful stand-alone models to
investigate the mechanisms of action of a wide variety of stimuli that have an impact on
muscle mass.
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5.4. Future directions
On the basis of the findings of this research, there arise a number of options for future
research including:


Molecular analysis to ascertain difference between key genes involved in the
proliferation and differentiation, including IGF-I, myogenic differentiation factor
(MyoD, myogenin, Id3) and TNF-α in normal differentiation conditions.



This thesis has shown that differentiation potential and the differentiation time
course were different between cells from the young and old at different time
courses. We would have next examined the different groups age at different time
course.



The work presented in this thesis has shown the impact of TNF-α, IL-6 and IGF-I on
young and old skeletal myoblasts cells, which have effects on myogenic behaviour
in a dose-dependent manner. The next step would be to study the signalling
pathways involved to determine the interaction between the TNF-α and IGF-I or IL6 and IGF-I, which affect skeletal muscle.



Another potential consideration for future work would be to alter the method of
protein analysis for western blot analysis; blots could be stripped and probed using
a control such as actin or tubulin. These proteins are often used as a control because
their levels are rarely changed by treatment and provide a method to verify that the
same amount of sample protein has been loaded in each gel lane and transferred
to the membrane.



Obtaining muscle biopsies from elderly and young subjects would allow assessment
of cellular and molecular differences.



To further understand the mechanism behind the differences in differentiation and
TNF-α induced apoptosis between young and old cell, an investigation of
cytoplasmic and nuclear protein that may be involved could be undertaken.
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Chapter 6
Appendices
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6.1. Web sites
http://www.bdcompany.com/
www.sigmaaldrich.com

6.2 Appendix 1

Figure 0.1. Total fusion index of old and young myoblast cells.
Fusion index was measured in myotube differentiated in presence and absent IGF-I and IL-6 for 48hrs. Total fusion index
analysis representing the number of nuclei in differentiated myotubes divided by total number of nuclei present in the
observed field, with a myotube defined by at least 2 myonuclei. Nuclei were counted from random fields of each line
at 5 in DM, IGF-I and IL-6 in a varying doses (determine by immunofluorescence staining) P value was determined with
a t-test. Data presented as average ±SD. *** p≤0.001.

60

6.3. Appendix 2

Figure 0.2. The percentage of myotubes of young and old myoblasts cells.
The percentage of myotubes in the cell cultures after administration of 30 ng/ml or 100 ng/ml IGF-I and 10 ng/ml or 20
ng/ml IL6. Effect of IL-6 and IGF-I stimulation on myotube formation at 48hrs of differentiation. The percentage of
myotubes was higher with higher doses at 72hrs in old cells vs. young cells. P value was determined with a t test. Data
presented as average ±SD. *** p≤0.001.

61

References
Ali, S. and Garcia, J. M. (2014) 'Sarcopenia, Cachexia and Aging: Diagnosis, Mechanisms and
Therapeutic Options.' Gerontology, 60(4), 04/08, pp. 294-305.
Ali, T., Kaitha, S., Mahmood, S., Ftesi, A., Stone, J. and Bronze, M. S. (2013) 'Clinical use of
anti-TNF therapy and increased risk of infections.' Drug, Healthcare and Patient
Safety, 5, 03/28, pp. 79-99.
Alsharidah, M., Lazarus, N. R., George, T. E., Agley, C. C., Velloso, C. P. and Harridge, S. D.
(2013) 'Primary human muscle precursor cells obtained from young and old
donors produce similar proliferative, differentiation and senescent profiles in
culture.' Aging cell, 12(3), pp. 333-344.
Argilés, J. M., Campos, N., Lopez-Pedrosa, J. M., Rueda, R. and Rodriguez-Mañas, L.(2016)
'Skeletal Muscle Regulates Metabolism via Interorgan Crosstalk: Roles in Health
and Disease.' Journal of the American Medical Directors Association, 17(9), pp.
789-796.
Arthur, S. T. and Cooley, I. D. (2012) 'The Effect of Physiological Stimuli on Sarcopenia;
Impact of Notch and Wnt Signaling on Impaired Aged Skeletal Muscle Repair.'
International Journal of Biological Sciences, 8(5), pp. 731-760.
Baeza-Raja, B. and Muñoz-Cánoves, P. (2004) 'p38 MAPK-induced nuclear factor-κB activity
is required for skeletal muscle differentiation: role of interleukin-6.' Molecular
biology of the cell, 15(4), pp. 2013-2026.
Barbieri, M., Ferrucci, L., Ragno, E., Corsi, A., Bandinelli, S., Bonafè, M., Olivieri, F.,
Giovagnetti, S., Franceschi, C., Guralnik, J. M. and Paolisso, G. (2003) 'Chronic
inflammation and the effect of IGF-I on muscle strength and power in older
persons.' American Journal of Physiology - Endocrinology And Metabolism,
284(3), pp. E481-E487.
Benbassat, C. A., Maki, K. C. and Unterman, T. G. (1997) 'Circulating Levels of Insulin-Like
Growth Factor (IGF) Binding Protein-1 and-3 in Aging Men: Relationships to
Insulin, Glucose, IGF, and Dehydroepiandrosterone Sulfate Levels and
Anthropometric Measures 1.' The Journal of Clinical Endocrinology &
Metabolism, 82(5), pp. 1484-1491.
Bentzinger, C. F., Wang, Y. X. and Rudnicki, M. A. (2012) 'Building muscle: molecular
regulation of myogenesis.' Cold Spring Harb Perspect Biol, 4(2), Feb,
Bentzinger, C. F., Lin, S., Romanino, K., Castets, P., Guridi, M., Summermatter, S.,
Handschin, C., Tintignac, L. A., Hall, M. N. and Rüegg, M. A. (2013) 'Differential
response of skeletal muscles to mTORC1 signaling during atrophy and
hypertrophy.' Skeletal muscle, 3(1), p. 6.
Biolo, G., Cederholm, T. and Muscaritoli, M. (2014) 'Muscle contractile and metabolic
dysfunction is a common feature of sarcopenia of aging and chronic diseases:
from sarcopenic obesity to cachexia.' Clin Nutr, 33(5), pp. 737-748.

62

Bodine, S. C. (2013) 'Hibernation: the search for treatments to prevent disuse-induced
skeletal muscle atrophy.' Exp Neurol, 248 , pp,. 129-135.
Bogdanis, G. C. (2012) 'Effects of physical activity and inactivity on muscle fatigue.' Frontiers
in Physiology, 3,p. 142.
Bonaldo, P. and Sandri, M. (2012) 'Cellular and molecular mechanisms of muscle atrophy.'
Disease Models and Mechanisms, 6(1) pp,. 25-39.
Bonaldo, P. and Sandri, M. (2013) 'Cellular and molecular mechanisms of muscle atrophy.'
Disease Models & Mechanisms, 6(1) pp,. 25-39.
Bortoli, S., Renault, V., Eveno, E., Auffray, C., Butler-Browne, G. and Piétu, G. (2003) 'Gene
expression profiling of human satellite cells during muscular aging using cDNA
arrays.' Gene, 321 pp,. 145-154.
Carlson, B. M. and Faulkner, J. A. (1989) 'Muscle transplantation between young and old
rats: age of host determines recovery.' American Journal of Physiology - Cell
Physiology, 256(6) p,. C1262.
Chiu, C. P. and Blau, H. M. (1985) '5-Azacytidine permits gene activation in a previously
noninducible cell type.' Cell, 40(2), pp,. 417-424.
Clemmons, D. R. (1997) 'Insulin-like growth factor binding proteins and their role in
controlling IGF actions.' Cytokine & growth factor reviews, 8(1) pp,. 45-62.
Conboy, I. M., Conboy, M. J., Wagers, A. J., Girma, E. R., Weissman, I. L. and Rando, T. A.
(2005) 'Rejuvenation of aged progenitor cells by exposure to a young systemic
environment.' Nature, 433(7027) pp,. 760-764.
Costa, A. M., Breitenfeld, L., Silva, A. J., Pereira, A., Izquierdo, M. and Marques, M. C. (2012)
'Genetic Inheritance Effects on Endurance and Muscle Strength.' Sports
Medicine, 42(6) pp,. 449-458.
Costamagna, D., Costelli, P., Sampaolesi, M. and Penna, F. (2015a) 'Role of Inflammation in
Muscle Homeostasis and Myogenesis.' Mediators of Inflammation, 2015 p,. 14.
Cruz-Jentoft, A. J., Landi, F., Topinkova, E. and Michel, J.-P. (2010) 'Understanding
sarcopenia as a geriatric syndrome.' Current Opinion in Clinical Nutrition &
Metabolic Care, 13(1) pp,. 1-7.
Cruz-Jentoft, A. J., Landi, F., Topinkova, E. and Michel, J. P. (2010) 'Understanding
sarcopenia as a geriatric syndrome.' Curr Opin Clin Nutr Metab Care, 13(1),pp. 17.
Deeks, S. G., Lewin, S. R. and Havlir, D. V. (2013) 'The End of AIDS: HIV Infection
as a Chronic Disease.' Lancet, 382(9903), 10/23, pp. 1525-1533.
Degens, H. (2007) 'Age-related skeletal muscle dysfunction: causes and mechanisms.'
Deschenes, M. R. (2004) 'Effects of aging on muscle fibre type and size.' Sports Med, 34(12),
pp. 809-824.
63

Dodson, S., Baracos, V. E., Jatoi, A., Evans, W. J., Cella, D., Dalton, J. T. and Steiner, M. S.
(2011) 'Muscle wasting in cancer cachexia: clinical implications, diagnosis, and
emerging treatment strategies.' Annual review of medicine, 62 pp. 265-279.
Dumont, N. A., Wang, Y. X. and Rudnicki, M. A. (2015) 'Intrinsic and extrinsic mechanisms
regulating satellite cell function.' Development, 142(9) pp. 1572-1581.
Ebadi, M. and Mazurak, V. C. (2014) 'Evidence and Mechanisms of Fat Depletion in Cancer.'
Nutrients, 6(11), pp. 5280-5297.
Edström, E. and Ulfhake, B. (2005) 'Sarcopenia is not due to lack of regenerative drive in
senescent skeletal muscle.' Aging cell, 4(2) pp. 65-77.
English, K. L. and Paddon-Jones, D. (2010) 'Protecting muscle mass and function in older
adults during bed rest.' Curr Opin Clin Nutr Metab Care, 13(1), pp. 34-39.
English, K. L. and Paddon-Jones, D. (2010) 'Protecting muscle mass and function in older
adults during bed rest.' Current Opinion in Clinical Nutrition and Metabolic Care,
13(1) pp. 34-39.
Evans, W. J. (2010) 'Skeletal muscle loss: cachexia, sarcopenia, and inactivity.' The American
journal of clinical nutrition, 91(4) pp. 1123S-1127S.
Fanzani, A., Conraads, V. M., Penna, F. and Martinet, W. (2012) 'Molecular and cellular
mechanisms of skeletal muscle atrophy: an update.' Journal of cachexia,
sarcopenia and muscle, 3(3) pp. 163-179.
Florini, J. R., Magri, K. A., Ewton, D. Z., James, P. L., Grindstaff, K. and Rotwein, P. S. (1991)
'" Spontaneous" differentiation of skeletal myoblasts is dependent upon
autocrine secretion of insulin-like growth factor-II.' Journal of Biological
Chemistry, 266(24) pp. 15917-15923.
Glass, D. J. (2005) 'Skeletal muscle hypertrophy and atrophy signaling pathways.' The
international journal of biochemistry & cell biology, 37(10) pp. 1974-1984.
Greiwe, J. S., Cheng, B., Rubin, D. C., Yarasheski, K. E. and Semenkovich, C. F. (2001)
'Resistance exercise decreases skeletal muscle tumor necrosis factor α in frail
elderly humans.' The FASEB Journal, 15(2) pp. 475-482.
Grounds, M. D. (1998) 'Age-associated changes in the response of skeletal muscle cells to
exercise and regeneration.' Ann N Y Acad Sci, 854, Nov 20, pp. 78-91.
Holecek, M. (2012) 'Muscle wasting in animal models of severe illness.' International
journal of experimental pathology, 93(3) pp. 157-171.
Hughes, K. A., Alipaz, J. A., Drnevich, J. M. and Reynolds, R. M. (2002) 'A test of evolutionary
theories of aging.' Proceedings of the National Academy of Sciences, 99(22) pp.
14286-14291.
Jacquemin, V., Furling, D., Bigot, A., Butler-Browne, G. and Mouly, V. (2004) 'IGF-1 induces
human myotube hypertrophy by increasing cell recruitment.' Experimental cell
research, 299(1) pp. 148-158.
64

Jejurikar, S. S., Henkelman, E. A., Cederna, P. S., Marcelo, C. L., Urbanchek, M. G. and Kuzon,
W. M. (2006) 'Aging increases the susceptibility of skeletal muscle derived
satellite cells to apoptosis.' Experimental gerontology, 41(9) pp. 828-836.
Juhas, M. and Bursac, N. (2013) 'Engineering Skeletal Muscle Repair.' Current opinion in
biotechnology, 24(5) , pp. 880-886.
Kalyani, R. R., Corriere, M. and Ferrucci, L. (2014) 'Age-related and disease-related muscle
loss: the effect of diabetes, obesity, and other diseases.' Lancet Diabetes
Endocrinol, 2(10), pp. 819-829.
Kalyani, R. R., Corriere, M. and Ferrucci, L. (2014) 'Age-related and disease-related muscle
loss: the effect of diabetes, obesity, and other diseases.' The lancet. Diabetes &
endocrinology, 2(10) , pp. 819-829.
Karalaki, M., Fili, S., Philippou, A. and Koutsilieris, M. (2009) 'Muscle regeneration: cellular
and molecular events.' In Vivo, 23(5) pp. 779-796.
Kawiak, J., Brzoska, E., Grabowska, I., Hoser, G., Streminska, W., Wasilewska, D., Machaj, E.
K., Pojda, Z. and Moraczewski, J. (2006) 'Contribution of stem cells to skeletal
muscle regeneration.' Folia Histochem Cytobiol, 44(2) pp. 75-79.
Klitgaard, H., Mantoni, M., Schiaffino, S., Ausoni, S., Gorza, L., Laurent‐Winter, C., Schnohr,
P. and Saltin, B. (1990) 'Function, morphology and protein expression of ageing
skeletal muscle: a cross‐sectional study of elderly men with different training
backgrounds.' Acta Physiologica Scandinavica, 140(1) pp. 41-54.
Lai, K.-M. V., Gonzalez, M., Poueymirou, W. T., Kline, W. O., Na, E., Zlotchenko, E., Stitt, T.
N., Economides, A. N., Yancopoulos, G. D. and Glass, D. J. (2004) 'Conditional
activation of akt in adult skeletal muscle induces rapid hypertrophy.' Molecular
and cellular biology, 24(21) pp. 9295-9304.
Langen, R. C., Schols, A. M., Kelders, M. C., Wouters, E. F. and Janssen-Heininger, Y. M.
(2001) 'Inflammatory cytokines inhibit myogenic differentiation through
activation of nuclear factor-kappaB.' Faseb j, 15(7), pp. 1169-1180.
Lee, W. S., Cheung, W. H., Qin, L., Tang, N. and Leung, K. S. (2006) 'Age-associated decrease
of type IIA/B human skeletal muscle fibers.' Clin Orthop Relat Res, 450, pp. 231237.
Léger, B., Derave, W., De Bock, K., Hespel, P. and Russell, A. P. (2008) 'Human sarcopenia
reveals an increase in SOCS-3 and myostatin and a reduced efficiency of Akt
phosphorylation.' Rejuvenation research, 11(1) pp. 163-175B.
Li, Y.-P. and Reid, M. B. (2000) 'NF-kappa B mediates the protein loss induced by TNF-alpha
in differentiated skeletal muscle myotubes.' Am J Physiol Regul Integr Comp
Physiol, 279(4), pp. R1165-1170.
Li, Y.-P., Niu, A. and Wen, Y. (2014) 'Regulation of myogenic activation of p38 MAPK by
TACE-mediated TNFα release.' Frontiers in Cell and Developmental Biology, 2, p.
21.

65

Li, Y.-p., Schwartz, R. J., Waddell, I. D., Holloway, B. R. and Reid, M. B. (1998) 'Skeletal
muscle myocytes undergo protein loss and reactive oxygen-mediated NF{kappa}B activation in response to tumor necrosis factor {alpha}.' FASEB J.,
12(10), pp. 871-880.
Llovera, M., López-Soriano, F. J. and Argilés, J. M. (1993) 'Effects of tumor necrosis factorα on muscle-protein turnover in female Wistar rats.' Journal of the National
Cancer Institute, 85(16) pp. 1334-1339.
Loeser, R. F. (2010) 'Age-related changes in the musculoskeletal system and the
development of osteoarthritis.' Clin Geriatr Med, 26(3), pp. 371-386.
Maggio, M., Guralnik, J. M., Longo, D. L. and Ferrucci, L. (2006) 'Interleukin-6 in aging and
chronic disease: a magnificent pathway.' The Journals of Gerontology Series A:
Biological Sciences and Medical Sciences, 61(6) pp. 575-584.
Manini, T. M., Hong, S. L. and Clark, B. C. (2013) 'Aging and muscle: a neuron’s perspective.'
Current opinion in clinical nutrition and metabolic care, 16(1) p.
10.1097/MCO.1090b1013e32835b35880.
Mann, C. J., Perdiguero, E., Kharraz, Y., Aguilar, S., Pessina, P., Serrano, A. L. and MuñozCánoves, P. (2011) 'Aberrant repair and fibrosis development in skeletal muscle.'
Skeletal Muscle, 1 , pp. 21-21.
Mauro, A. (1961) 'Satellite cell of skeletal muscle fibers.' The Journal of biophysical and
biochemical cytology, 9(2) pp. 493-495.
McCarthy, J. J. and Esser, K. A. (2010) 'Anabolic and catabolic pathways regulating skeletal
muscle mass.' Current opinion in clinical nutrition and metabolic care, 13(3) pp.
230-235.
McCarthy, J. J., Mula, J., Miyazaki, M., Erfani, R., Garrison, K., Farooqui, A. B., Srikuea, R.,
Lawson, B. A., Grimes, B., Keller, C., Van Zant, G., Campbell, K. S., Esser, K. A.,
Dupont-Versteegden, E. E. and Peterson, C. A. (2011) 'Effective fiber hypertrophy
in satellite cell-depleted skeletal muscle.' Development (Cambridge, England),
138(17), pp. 3657-3666.
Michel, R. N., Dunn, S. E. and Chin, E. R. (2004) 'Calcineurin and skeletal muscle growth.'
Proc Nutr Soc, 63(2) pp. 341-349.
Mitchell, W. K., Williams, J., Atherton, P., Larvin, M., Lund, J. and Narici, M. (2012)
'Sarcopenia, Dynapenia, and the Impact of Advancing Age on Human Skeletal
Muscle Size and Strength; a Quantitative Review.' Frontiers in Physiology, 3, p.
260.
Muñoz‐Cánoves, P., Scheele, C., Pedersen, B. K. and Serrano, A. L. (2013) 'Interleukin‐6
myokine signaling in skeletal muscle: a double‐edged sword?' The Febs Journal,
280(17), , pp. 4131-4148.
Muscaritoli, M., Lucia, S., Molfino, A., Cederholm, T. and Rossi Fanelli, F. (2013)
'Muscle atrophy in aging and chronic diseases: is it sarcopenia or cachexia?'
Internal and Emergency Medicine, 8(7), pp. 553-560.
66

Narici, M. V. and Maffulli, N. (2010) 'Sarcopenia: characteristics, mechanisms and
functional significance.' Br Med Bull, 95, pp. 139-159.
Nilwik, R., Snijders, T., Leenders, M., Groen, B. B., van Kranenburg, J., Verdijk, L. B. and van
Loon, L. J. (2013) 'The decline in skeletal muscle mass with aging is mainly
attributed to a reduction in type II muscle fiber size.' Exp Gerontol, 48(5), May,
pp. 492-498.
Oh, J. (2015) Cellular and Molecular Mechanisms of Chronic Inflammation in Aging of
Skeletal Muscle.
Otis, J. S., Niccoli, S., Hawdon, N., Sarvas, J. L., Frye, M. A., Chicco, A. J. and Lees, S. J. (2014)
'Pro-inflammatory mediation of myoblast proliferation.' PloS one, 9(3) p. e92363.
Passey, S. L., Hansen, M. J., Bozinovski, S., McDonald, C. F., Holland, A. E. and Vlahos, R.
(2016) 'Emerging therapies for the treatment of skeletal muscle wasting in
chronic obstructive pulmonary disease.' Pharmacology & Therapeutics, 166, pp.
56-70.
Paul, A. C. and Rosenthal, N. (2002) 'Different modes of hypertrophy in skeletal muscle
fibers.' The Journal of Cell Biology, 156(4), pp. 751-760.
Pedersen, B. K. and Steensberg, A. (2004) 'The metabolic role of IL-6 produced during
exercise: is IL-6 an exercise factor?' Proc Nutr Soc, 63
Pedersen, M., Bruunsgaard, H., Weis, N., Hendel, H. W., Andreassen, B. U., Eldrup, E., Dela,
F. and Pedersen, B. K. (2003) 'Circulating levels of TNF-alpha and IL-6-relation to
truncal fat mass and muscle mass in healthy elderly individuals and in patients
with type-2 diabetes.' Mechanisms of ageing and development, 124(4) pp. 495502.
Philippou, A., Halapas, A., Maridaki, M. and Koutsilieris, M. (2007) 'Type I insulin-like growth
factor receptor signaling in skeletal muscle regeneration and hypertrophy.' J
Musculoskelet Neuronal Interact, 7(3) pp. 208-218.
Reid, M. B. and Li, Y.-P. (2001) 'Tumor necrosis factor-α and muscle wasting: a cellular
perspective.' Respiratory Research, 2(5) p. 269.
Rommel, C., Clarke, B. A., Zimmermann, S., Nuñez, L., Rossman, R., Reid, K., Moelling, K.,
Yancopoulos, G. D. and Glass, D. J. (1999) 'Differentiation stage-specific inhibition
of the Raf-MEK-ERK pathway by Akt.' Science, 286(5445) pp. 1738-1741.
Saini, A., Al-Shanti, N. and Stewart, C. (2010) 'C2 skeletal myoblast survival, death,
proliferation and differentiation: regulation by Adra1d.' Cellular Physiology and
Biochemistry, 25(2-3) pp. 253-262.
Saini, A., Al-Shanti, N., Faulkner, S. H. and Stewart, C. E. (2009) 'Pro-and anti-apoptotic roles
for IGF-I in TNF-α-induced apoptosis: a MAP kinase mediated mechanism.'
Growth Factors,
Sakuma, K. and Yamaguchi, A. (2012) 'Sarcopenia and age-related endocrine function.'
International journal of endocrinology, 2012
67

Sandri, M. (2013) 'Protein breakdown in muscle wasting: Role of autophagy-lysosome and
ubiquitin-proteasome()().' The International Journal of Biochemistry & Cell
Biology, 45(10) pp. 2121-2129.
Schiaffino, S. and Dyar, K. A. (2013) 'Mechanisms regulating skeletal muscle growth and
atrophy.' FEBS J, 280
Schoenfeld, B. J. (2010) 'The mechanisms of muscle hypertrophy and their application to
resistance training.' The Journal of Strength & Conditioning Research, 24(10) pp.
2857-2872.
Seene, T. and Kaasik, P. (2012) 'Muscle weakness in the elderly: role of sarcopenia,
dynapenia, and possibilities for rehabilitation.' European Review of Aging and
Physical Activity, 9(2) pp. 109-117.
Serrano, A. L., Baeza-Raja, B., Perdiguero, E., Jardi, M. and Munoz-Canoves, P. (2008)
'Interleukin-6 is an essential regulator of satellite cell-mediated skeletal muscle
hypertrophy.' Cell Metab, 7(1), pp. 33-44.
Shadrach, J. L. and Wagers, A. J. (2011) 'Stem cells for skeletal muscle repair.' Philosophical
Transactions of the Royal Society B: Biological Sciences, 366(1575) pp. 22972306.
Sharples, A. P. and Stewart, C. E. (2011) 'Myoblast models of skeletal muscle hypertrophy
and atrophy.' Current Opinion in Clinical Nutrition & Metabolic Care, 14(3) pp.
230-236.
Sharples, A. P., Al‐Shanti, N. and Stewart, C. E. (2010) 'C2 and C2C12 murine skeletal
myoblast models of atrophic and hypertrophic potential: relevance to disease
and ageing?' Journal of cellular physiology, 225(1) pp. 240-250.
Sharples, A. P., Hughes, D. C., Deane, C. S., Saini, A., Selman, C. and Stewart, C. E. (2015)
'Longevity and skeletal muscle mass: the role of IGF signalling, the sirtuins,
dietary restriction and protein intake.' Aging cell, 14(4) pp. 511-523.
Shenkman, B. S., Turtikova, O. V., Nemirovskaya, T. L. and Grigoriev, A. I. (2010) 'Skeletal
Muscle Activity and the Fate of Myonuclei.' Acta Naturae, 2(2) pp. 59-66.
Singleton, J. R. and Feldman, E. L. (2001) 'Insulin-like growth factor-I in muscle metabolism
and myotherapies.' Neurobiology of disease, 8(4) pp. 541-554.
Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H., Provenzano, M. D.,
Fujimoto, E. K., Goeke, N. M., Olson, B. J. and Klenk, D. C. (1985) 'Measurement
of protein using bicinchoninic acid.' Anal Biochem, 150(1), pp. 76-85.
Snijders, T., Nederveen, J. P., McKay, B. R., Joanisse, S., Verdijk, L. B., van Loon, L. J. C. and
Parise, G. (2015) 'Satellite cells in human skeletal muscle plasticity.' Frontiers in
Physiology, 6, 1 p. 283.
Speca, S., Giusti, I., Rieder, F. and Latella, G. (2012) 'Cellular and molecular mechanisms of
intestinal fibrosis.' World Journal of Gastroenterology : WJG, 18(28), pp. 36353661.
68

Sprague, A. H. and Khalil, R. A. (2009) 'Inflammatory Cytokines in Vascular Dysfunction and
Vascular Disease.' Biochemical pharmacology, 78(6) , pp. 539-552.
Stewart, C. and Rotwein, P. (1996) 'Growth, differentiation, and survival: multiple
physiological functions for insulin-like growth factors.' Physiological reviews,
76(4) pp. 1005-1026.
Stewart, C., Newcomb, P. and Holly, J. (2004) 'Multifaceted roles of TNF‐α in myoblast
destruction: A multitude of signal transduction pathways.' Journal of cellular
physiology, 198(2) pp. 237-247.
Suzuki, H., Asakawa, A., Amitani, H., Nakamura, N. and Inui, A. (2013) 'Cancer cachexia—
pathophysiology and management.' Journal of Gastroenterology, 48(5), pp. 574594.
Tajrishi, M. M., Zheng, T. S., Burkly, L. C. and Kumar, A. (2014) 'The TWEAK-Fn14 Pathway:
A Potent Regulator of Skeletal Muscle Biology in Health and Disease.' Cytokine &
growth factor reviews, 25(2),pp. 215-225.
Velloso, C. (2008) 'Regulation of muscle mass by growth hormone and IGF‐I.' British journal
of pharmacology, 154(3) pp. 557-568.
Velloso, C. P. (2008) 'Regulation of muscle mass by growth hormone and IGF-I.' British
Journal of Pharmacology, 154(3), pp. 557-568.
Vinciguerra, M., Musaro, A. and Rosenthal, N. (2010) 'Regulation of muscle atrophy in aging
and disease.' In Protein Metabolism and Homeostasis in Aging. Springer, pp. 211233.
Visser, M., Pahor, M., Taaffe, D. R., Goodpaster, B. H., Simonsick, E. M., Newman, A. B.,
Nevitt, M. and Harris, T. B. (2002) 'Relationship of interleukin-6 and tumor
necrosis factor-α with muscle mass and muscle strength in elderly men and
women The Health ABC Study.' The Journals of Gerontology Series A: Biological
Sciences and Medical Sciences, 57(5) pp. M326-M332.
Wang, X. H. and Mitch, W. E. (2014) 'Mechanisms of muscle wasting in chronic kidney
disease.' Nature reviews Nephrology, 10(9) pp. 504-516.
Williamson, D., Gallagher, P., Harber, M., Hollon, C. and Trappe, S. (2003) 'Mitogenactivated protein kinase (MAPK) pathway activation: effects of age and acute
exercise on human skeletal muscle.' The Journal of Physiology, 547(Pt 3), pp. 977987.
Wolfe, R. R. (2006) 'The underappreciated role of muscle in health and disease.' The
American journal of clinical nutrition, 84(3) pp. 475-482.
Woods, J. A., Wilund, K. R., Martin, S. A. and Kistler, B. M. (2012) 'Exercise, inflammation
and aging.' Aging Dis, 3(1), , pp. 130-140.
Wüst, R. C. I. and Degens, H. (2007) 'Factors contributing to muscle wasting and dysfunction
in COPD patients.' International Journal of Chronic Obstructive Pulmonary
Disease, 2(3), 09/, pp. 289-300.
69

Yablonka-Reuveni, Z. (2011) 'The Skeletal Muscle Satellite Cell: Still Young and Fascinating
at 50.' Journal of Histochemistry and Cytochemistry, 59(12), pp. 1041-1059.
Yablonka-Reuveni, Z., Rudnicki, M. A., Rivera, A. J., Primig, M., Anderson, J. E. and Natanson,
P. (1999) 'The transition from proliferation to differentiation is delayed in
satellite cells from mice lacking MyoD.' Developmental biology, 210(2) pp. 440455.
Yaffe, D. and Saxel, O. (1977) 'Serial passaging and differentiation of myogenic cells isolated
from dystrophic mouse muscle.' Nature, 270(5639) pp. 725-727.
Yin, H., Price, F. and Rudnicki, M. A. (2013) 'Satellite Cells and the Muscle Stem Cell Niche.'
Physiological Reviews, 93(1) pp. 23-67.
Zhang, D. and Zheng, H. (2007) 'Association of IL-1beta gene polymorphism with cachexia
from locally advanced gastric cancer.' BMC Cancer, 7
Zhang, L., Wang, X. H., Wang, H., Du, J. and Mitch, W. E. (2010) 'Satellite Cell Dysfunction
and Impaired IGF-1 Signaling Cause CKD-Induced Muscle Atrophy.' Journal of the
American Society of Nephrology : JASN, 21(3), pp. 419-427.

70

