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Abstract

Skeletal muscle adapts to the stress of contractile activity with a change in gene
expression to yield a family of highly conserved cytoprotective proteins known as
heat shock proteins (HSPs). These proteins function to restore cellular homeostasis
and to protect the cell against further insults. The exercise-induced stress response of
rodent muscle is now relatively well defined. Comparable data from human studies,
however, are extremely limited and the stress response of human skeletal muscle is far
from understood. The main aims of this thesis were to characterise the time-course
and magnitude of response of the exercise-induced production of the major HSP
families in human skeletal muscle. The role of increased muscle and core temperature
in contributing to the exercise-induced production of HSPs was also investigated.
Finally, the effects of training status on baseline muscle content of the major HSP
families and on the magnitude of the exercise-induced stress response was also

examined.

All of the exercise related studies undertaken in this thesis employed a 45 min running
exercise protocol on a motorised treadmill at an intensity corresponding to the lactate
threshold. This protocol was characterised as ‘non-damaging’ in nature as it resulted
in no overt structural or functional damage to the muscle of young untrained (27 + 5
years), recreationally active (25 + 2 years) or aerobically trained male subjects (27 + 6
years), as evidenced by indirect indicators of muscle damage such as circulating
levels of creatine kinase and maximal quadriceps isometric muscle force.

The time-course and magnitude of the exercise-induced response of the major HSP
families were characterised in an active young (24 + 4 years) male population.
Muscle biopsies were obtained from the vastus lateralis muscle immediately prior to
and at 24 h, 48 h, 72 h and 7 days post-exercise. Exercise induced significant and
individually variable increases in HSP70, HSC70 and HSP60 content with peak
Iincreases typically occurring at 48 h post-exercise. In contrast, exercise did not induce
significant increases in either HSP27, aB-crystallin, manganese superoxide dismutase
(MnSOD) protein content or the activity of superoxide dismutase (SOD) and catalase.
When examining baseline protein levels, HSC70, HSP27 and aB-crystallin appeared
consistently expressed between subjects whereas HSP70 and MnSOD displayed
marked individual variation of up to 3 and 1.5 fold, respectively. These data
demonstrate a differential effect of aerobic exercise on specific HSPs. Data also

demonstrate an individual variation in both basal HSP levels and in the magnitude of
the stress response to acute exercise, which may be related to individual differences in

training status.

The role of increased muscle and core temperature in contributing to the exercise-

induced production of HSPs were subsequently investigated. Active young males (23
+ 3 years) underwent a passive heating protocol of 1 h duration during which the

temperature of the core and vastus lateralis muscle were increased to similar levels as
that occurring during exercise. One limb was immersed 1n a tank containing warm
water whilst the contra-lateral limb remained outside the tank and was not exposed to
heat stress. Muscle biopsies were obtained from the vastus lateralis of both legs
immediately prior to and at 48 h and 7 days post-heating. The heating protocol
induced significant increases in rectal and muscle temperature of the heated leg whilst
muscle temperature of the non-heated limb showed no significant change following




heating. The heating protocol failed to induce significant increases in muscle content
of HSP70, HSC70, HSP60, HSP27, aB-crystallin, MnSOD protein content or the
activity of SOD and catalase in either the heated or non-heated leg. Data demonstrate
that increases in both systemic and local muscle temperature per se appear not to be
mediating the exercise-induced production of HSPs and suggest that non-heat-stress
factors associated with muscle contractile activity are of more importance in
mediating this response.

The influences of aerobic training status on the basal levels of HSPs and on the
magnitude of the exercise-induced stress response were also investigated. Muscle
biopsies were obtained from the vastus lateralis of young trained (28 + 6 years) and
untrained (29 + 6 years) male subjects immediately prior to and at 48 h and 7 days
post-exercise. When comparing muscles at rest, trained subjects had significantly
higher levels of aB-crystallin, HSP60 and MnSOD compared with untrained subjects.
Trained subjects also had a tendency for higher levels of HSP70, HSC70 and total
SOD activity compared with untrained subjects. In contrast to the active population
examined earlier, neither the trained nor untrained subjects exhibited a stress response
to exercise. The absence of a stress response in trained subjects is likely due to the
increase in baseline defences and the customary nature of the exercise protocol. The
absence of a stress response 1n untrained subjects may be due to the failure of the

exercise protocol to elicit a proposed critical threshold intensity that is required to
induce increases in muscle HSP content.

This thesis has provided novel data for the literature and has significantly advanced
our understanding of the exercise-induced stress response of human skeletal muscle.
Future research should examine the effects of exercise intensity on muscle HSP
production and investigate the role of reactive oxygen species in contributing to the
response. The wider implications of the exercise-induced production of HSPs, such

as their potential cytoprotective properties against related and non-related stressors,
should also be examined.
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Chapter 1

General Introduction



1.1 BACKGROUND

From a physiological perspective, stress can be viewed as any disruption to
homeostasis and can exist at the level of the cell, tissue, organ, organ system or whole
organism. At the cellular level, one of the most prominent responses to stress is a
rapid change in gene expression to yield a family of highly conserved cytoprotective
proteins known as heat shock proteins (HSPs) (Morimoto, 1993; Kiang and Tsokos,
1998, Kregel, 2002). Members of the HSP family are primarily classified according
to their molecular weight and include the highly stress inducible and cytosolic HSP70
family, mitochondrial HSP60 and members of the small HSP family such as HSP27
and aB-crystallin. An increased production of HSPs during or following stressful
episodes functions to restore cellular homeostasis and to provide cytoprotection
against subsequent periods of normally damaging stresses (Welch, 1992; Garramone
et al., 1994; Lepore et al., 2000; McArdle et al., 1997, F. McArdle et al., 2004;
Maglara et al., 2003; Suzuki et al., 2000).

As their name suggests, HSPs were originally found to be induced in cells exposed to
sub-lethal heat shock (Ritossa, 1962; Tissieres et al., 1974). Since these initial
findings, a large variety of other stressors including ischemia (Marber et al., 1995),
protein degradation (Chiang et al.,, 1989), hypoxia (Guttman et al., 1980), acidosis
(Weitzel et al., 1985), oxidative stress (Adrie et al, 2000), increased intracellular
calcium (Welch et al., 1983) and energy depletion (Sciandra and Subjeck, 1983) are
now also known to increase HSP expression in a variety of tissues and cell lines.
Given that several of the above stressors are characteristic of the homeostatic
perturbations occurring in contracting skeletal muscle, it 1s not surprising that both
acute (Locke et al., 1990; Salo et al., 1991; Skidmore et al, 1995; Hemando and
Manso, 1997; McArdle et al, 2001) and chronic exercise (Gonzalez et al., 2000;
Mattson et al.,, 2000; Naito et al., 2001; Samelan, 2000) consistently induce increases

in HSP content in the skeletal muscle of various animal species.

These findings have recently been extended by data from human studies

demonstrating that several HSPs are also up-regulated in human skeletal muscle

following a variety of exercise protocols (Febbraio et al., 2002b; Khassaf et al., 2001,



2003; Thompson et al, 2001, 2002, 2003). Despite these initial descriptions,
comprehensive data from human studies are extremely limited (a “Pubmed’ literature
search combining the terms HSPs, exercise and humans lists less that 15 research
publications) and the exercise-induced stress response of human skeletal muscle
remains poorly characterised and understood. This is likely due, in part, to the
significant methodological difficulties facing investigators in relation to the
acquisition of sufficient tissue from the serial muscle biopsies that are necessary to
accurately determine the HSP response. Interpretation of data from human studies is
also often limited to the response of one particular HSP family (most notably HSP70)
and is complicated by the variations in timing of tissue sampling between studies,
differing subject characteristics (€.g. age, training status, recent activity levels, gender,
nutritional status) and perhaps more importantly, the disparate exercise protocols

utilised by investigators (e.g. intensity/duration/mode/damaging/non-damaging).

This 1s particularly the case in those instances where there is a damaging component

to the exercise protocol. In such circumstances, the inflammatory response that
occurs 1n the days following exercise may also contribute to increases in muscle HSP
levels as invading phagocytic cells contain relatively high levels of HSPs (Khassaf et
al., 2003). In order to avoid the complications of changes in cell type on
interpretation of data (i.e. phagocytic cell content), it has therefore been suggested that
non-damaging exercise protocols provide a more controlled methodological approach
for which to study the exercise-induced regulation of muscle HSP expression
(Khassaf et al., 2001; 2003; McArdle et al., 2001; Jackson et al., 2004; Vasilaki et al.,
2000).

The disparities between exercise protocols make it extremely difficult to evaluate the
precise signal (s) responsible for mediating the stress response during exercise.
Exercise-associated hyperthermia, oxidative stress, decreased pH, reduced energy
availability, hypoxia, cytokine production and structural damage to the muscle
proteins are routinely cited as possible factors initiating the exercise-induced

expression of HSPs (Fehrenbach and Niess, 1999; Banfi et al., 2004; Lancaster and
Febbraio, 2005; Steinacker and Liu, 2002). The extent of these variables, however,

can all be affected by the mode, intensity, duration and contractile nature of the

exercise protocol. The exercise-induced production of specific HSPs may therefore
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be differentially expressed according to certain characteristics of the chosen exercise
stimulus.  Nevertheless, given the well documented effect of increased cellular
temperature on HSP expression (Locke and Noble, 2002), it is tempting to speculate
that it is the increase in contracting muscle temperature and/or core temperature per se
which is the dominant stressor that is responsible for causing an increased production
of HSPs following exercise. This hypothesis, however, has yet to be investigated in

vivo in human skeletal muscle.

Given their cytoprotective properties, the HSP response to periods of exercise training
provides an exciting research area with both obvious performance and health
implications. Although an increase in baseline muscle HSP content with exercise
training has been observed in animal models (Gonzalez et al., 2000; Mattson et al.,
2000; Naito et al., 2001; Samelan, 2000), data from human studies are minimal and
inconclusive. The few studies that have investigated this area originate from the same

laboratory and have employed short-term training programmes as a study intervention
(Liu ez al.,, 1999, 2000, 2004). These studies are limited, however, in their failure to

disclose the precise time point of biopsy sampling in relation to the last training
session. Considering that the stress response 1s generally regarded as a transient
response required by cells to allow them to adapt to a new level of stress (Locke,
1997), it is therefore possible that many of the reported increases in basal HSP levels
simply reflect any changes in exercise intensity/duration from the preceding acute

exercise bout rather than a response that is associated with a chronic exercise

stimulus.

In addition to a possible training-induced adaptation of basal HSP status, it is also
important to consider how training affects the magnitude of the stress response
following an acute exercise stress. Several data demonstrate that exercise training
might allow an individual to mount a greater and/or faster stress response following
an acute bout of stress (Gonzalez et al. 2000; Fehrenbach et al., 2000; Campisi et al,,
2003). Such data suggest that trained subjects may have an increased ability to

recover and regain cellular homeostasis following an acute exercise stress via the

increased ability to synthesise HSPs (Gonzalez et al., 2000; Fehrenbach et al., 2000;
Campisi et al,, 2003). Alternatively, it is possible that the HSP response to acute

exercise in the trained state is associated with a reduced stress response as the muscle



is already pre-conditioned with appropriate endogenous defence' systems such as
increased basal content of HSPs and higher activity of antioxidant enzymes (Smolka
et al., 2000; Nething et al., 2004). Precisely how training status influences the basal
levels of HSPs and also the magnitude of the stress response of human muscle

following an acute exercise stress, therefore remains to be determined.

1.2 AIMS, OBJECTIVES AND STRUCTURE OF THESIS

The main aims of this thesis are to characterise the time-course and magnitude of
response of the major HSP families in human skeletal muscle following an acute bout
of non-damaging running exercise. The role of increases in muscle and core
temperature in contributing to the exercise-induced production of HSPs in human

skeletal muscle will also be investigated. Finally, the effects of training status on

baseline content of the major HSP families in human skeletal muscle and on the
magnitude of the exercise-induced production of HSPs following a non-damaging

running exercise protocol will also be evaluated.

The above aims will be achieved through the following objectives:

1. To develop a non-damaging running exercise protocol to utilise as an exercise
stimulus to initiate the expression of HSPs in human skeletal muscle, where
non-damaging is defined as exercise that induces no overt structural or

functional damage to the muscle. This will be achieved through the
completion of Study 1 and 2 (Chapter 4).

2. To characterise the time-course and magnitude of response of the major HSP

families in human skeletal muscle following an acute bout of non-damaging

running exercise. This will be achieved through the completion of Study 3
(Chapter 5).




3. To evaluate the role of increases in muscle and core temperature in
contributing to the exercise-induced production of HSPs in human skeletal

muscle. This will be achieved through the completion of Study 4 (Chapter 6).

4. To determine the influence of training status on the baseline content of the
major families of HSPs in human skeletal muscle. This will be achieved

through the completion of Study 5 (Chapter 7).

5. To determine the influence of training status on the magnitude of the exercise-
induced stress response of human skeletal muscle following an acute bout of
non-damaging running exercise. This will be achieved through the completion
of Study 5 (Chapter 7).



Chapter 2

Literature Review



2.1. INTRODUCTION

A major question in the biological sciences is the precise mechanism (s) by which
cells respond to a disruption in homeostasis (Morimoto, 1993). Exposure to stress
interferes with efficient operations of the cell with negative consequences on the
biochemical properties of proteins (Morimoto, 1998). In stressed environments,
proteins can unfold, misfold and aggregate which, if left unchecked, will ultimately
lead to cell death (Morimoto, 1998). Fortunately, cells have developed a tightly
controlled and evolutionary protective response to stress that involves a rapid change
in gene expression to yield a class of highly conserved proteins known as heat shock

proteins (Kilgore et al., 1998).

The heat shock response, as characterised by the rapid induction of HSPs, was first
described by Ritossa (1962). Ritossa initially observed the induction of a set of

chromosomal puffs on the polytene chromosomes in the salivary glands of Drosophila

busckii after exposure to elevated temperatures. Over a decade later, Tissieres and
colleagues (1974) subsequently demonstrated that these stress-induced ‘puffs’ were
| accompanied by an increased expression of proteins with molecular masses of 26 and
70 kDa. These proteins were originally named as heat shock proteins as they were

induced in cells recovering from a transient sub-lethal heat shock during which body

temperature was increased approximately 5°C above resting core temperature.

The cellular content of HSPs has also been shown to increase following a large
variety of other stressors including ischemia (Marber et al., 1995), protein degradation

(Chiang et al., 1989), hypoxia (Guttman et al., 1980), acidosis (Weitzel e al., 1985),

oxidative stress (Adrie et al, 2000), increased intracellular calcium (Welch et al,
1983) and energy depletion (Sciandra and Subjeck, 1983). Accordingly, the terms
‘stress proteins’ and ‘cellular stress response’ have since been introduced (and are
often used interchangeably within the literature for ‘heat shock proteins’ and ‘heat
shock response’ respectively) so as to reflect the universal nature of the response and

the array of stressors known to initiate the expression of these proteins (Locke, 1997).



During the last two decades, the stress of exercise has also been shown to induce
Increases in HSP expression in cells and tissues of various animal species (Locke et
al, 1990; Hermnando and Manso, 1997; McArdle et al., 2001; Salo et al, 1991;
Skidmore et al, 1995; Walters et al., 1998). These findings have recently been
extended by data from human studies (which are the focus of this review)
demonstrating that several HSPs are also up-regulated in the skeletal muscle of
humans following various types of exercise protocols. These data are still in their
infancy, however, and as yet the exercise-induced stress response of human skeletal

muscle is far from understood.

The ability of exercise to initiate the heat shock response provides an extremely
exciting and important research arca for the exercise scientist given that cells
demonstrating elevated levels of HSPs following a non-damaging episode of stress are
subsequently capable of withstanding normally lethal or damaging stresses
(Garramone et al., 1994; Lepore et al., 2000; McArdle et al., 1997; F. McArdle et al.,
2004; Maglara et al., 2003; Suzuki et al, 2000). The study of HSPs, in relation to
exercise, may therefore increase our understanding of the cellular and molecular
mechanisms underpinning the increased protection to contraction-induced damage
associated with regular exercise. The possibility of using exercise (as a non-
pharmacological approach) as a means to harness a cell’s endogenous protective
systems to provide ‘cross-tolerance’ to non-related stressors is also an exciting area
that may have important health implications (Locke, 2002). Such research may
therefore increase our understanding of the mechanisms by which exercise can

provide protection to cells and tissues from ‘protein-misfolding diseases’ such as

cancer, diabetes and various neurodegenerative disorders.

The aim of the present review is to summarise the literature regarding the effect of
acute and chronic exercise on HSP expression, where particular reference is given to
human skeletal muscle. Where appropriate, relevant data from animal studies will
also be presented. The reader is firstly introduced to the generic function of HSPs,
the regulation of heat shock gene transcription and the major HSP families found in

skeletal muscle. The effects of acute and chronic exercise on HSP expression are then
discussed and the possible physiological signals initiating the exercise-induced

expression of HSPs are also presented. The review closes by highlighting the possible



biological significance of exercise-induced HSP expression. It is hoped that the need

for further research, particularly in relation to the studies undertaken in the present

thesis, will be evident throughout.

2.2 GENERAL FUNCTION OF HSPs AND REGULATION OF HSP
EXPRESSION

2.2.1 Function of HSPs in the unstressed cell

The terms heat shock or stress proteins are somewhat misleading given that several
HSPs are constitutively expressed in skeletal muscle where they play an integral role
in normal cellular processes. In such circumstances, HSPs function as molecular
chaperones necessary for facilitating the correct folding of newly synthesised proteins,
preventing the aggregation of aberrantly folded proteins, facilitating the refolding of
denatured proteins and for safely transporting proteins to their correct cellular
compartment (Welch, 1992; Lancaster and Febbraio, 2005). A comprehensive
review of chaperone mediated folding is beyond the scope of the present review and
the reader is referred to several authoritative texts (Walter and Buchner, 2002;
Wegrzyn and Deuerling, 2005; Mayer and Bukau, 2005). In brief, chaperones bind
to hydrophobic residues of misfolded or unfolded proteins thereby preventing their
aggregation. Upon ATP hydrolysis, a conformation change in the chaperone triggers
the dissociation with the polypeptide providing it with new opportunities for
productive folding. As a chaperone, HSPs are therefore considered to perform
important ‘housekeeping’ functions within the cell and are critical for efficient protein
turnover (Fehrenbach and Niess, 1999; Fehrenbach and Northoff, 2001). A schematic
illustration of the function of HSPs in the unstressed cell is displayed in Figure 2.1A.

2.2.2 Regulation of HSP expression

Heat shock proteins are highly stress-inducible and an increased HSP expression is

often diagnostic that the cell has experienced some trauma (Welch, 1992). An
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Figure 2.1 — (A) Function of HSPs in the unstressed cell. Constitutively expressed HSPs bind to and
stabilize nascent polypeptides emerging from the ribosome and ensure that they are folded and function
correctly. HSPs also transport proteins to their correct site of action (e.g. mitochondria) where other
specialised HSPs ensure appropriate folding. (B) Function of HSPs in the stressed cell. Following
episodes of non-damaging stress, an increased expression of HSPs occurs (see section 2.2.2 for additional

text) which can provide protection to subsequent periods of normally lethal stresses (McArdle et al.,
2002).



increased production of HSPs is primarily regulated at the level of transcription and
the mechanisms by which stress induces an increased expression of HSPs are now
relatively well understood (Broome et al,, 2003). Expression of HSP genes is
dependent on the presence of short nucleotide sequences known as heat shock
clements (HSEs) which are generally located upstream in the promoter region of heat
shock responsive genes. The HSE is a highly conserved element that contains
multiple copies of a 5°-nGAAn-3’ core sequence (Liu and Steinacker, 2001). It is the
presence of one or more functional HSEs that is the identifying feature of an HSP
gene (Locke, 1997). The HSE is the binding site for a constitutively expressed
protein known as the heat shock factor (HSF), the transcription factor required to
mediate transcription of HSP genes. At present, three different HSFs have been
identified in mammalian cells; HSF1 (Rabindran et al.,, 1991), HSF2 (Schuetz et al,,
1991) and HSF4 (Nakai et al, 1997). A fourth HSF, HSF3, has also been identified

that 1s specific to avian species (Nakai and Morimoto, 1993).

HSF1 is the major stress responsive transcription factor in mammalian cells and is the
most extensively studied HSF homologue thus far (Santoro, 2000). HSF1 is a 75kDa
protein that is constitutively expressed in the cytoplasm and nucleus of unstressed
cells (Snoeckx et al., 2001). Under such circumstances, HSF1 exists in an inactive
monomer state that co-precipitates with HSP70 and HSP90 (Zuo et al., 1998). During
episodes of stress, the freely available HSPs that are present in unstressed situations
(see Figure 2.1 B, upper left panel) are subsequently depleted by interactions with
unfolded proteins. Those HSPs that are bound with HSF1 will also have a higher
affinity for binding for unfolded proteins than HSF1. The accumulation of damaged
and/or malfolded proteins therefore displace HSP70 and HSP90 from the HSF1

complex thereby freeing HSF1 for activation (Baler et al,, 1992, 1996; Morimoto,
1993; Zuo et al., 1998; McArdle and Jackson, 2002). This sequestration of HSP70

and HSP90 releases HSF1 from its inactive monomeric state, allowing translocation
to the nucleus, trimerization, hyperphosphorylation and binding to the HSE of the
HSP genes (sece Figure 2.2B, upper right panel). Recent studies have also
demonstrated that HSF1 is able to directly sense stress (e.g. heat and oxidative stress),
form homotrimers and bind to the HSE (Ahn and Thiele, 2003).
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The process of trimerization and DNA binding is termed ‘HSF activation’
(Fehrenbach and Niess, 1999) which can occur within minutes of heat shock (Locke
et al., 1995a), hypoxia (Beckmann et al, 1990), ATP depletion (Benjamin et al.,
1992), changes in pH (Petronini et al., 1995), metabolic iﬁhibitors (Benjamin et al.,
1992), oxidative stress (McDuffee et al., 1997) and exercise (Locke et al., 1995a). In
a negative feedback loop mechanism, the increased expression of HSPs will
eventually accumulate to a level at which ‘free’ HSPs can reform the complex with
HSF1 thus reverting the latter back to its inactive monomeric form (Locke, 1997; Ho
and Westwood, 2002).

2.2.3 Function of HSPs in the stressed cell

The increased expression of HSPs following stressful episodes functions to restore
cellular homeostasis and to provide cytoprotection against further insults (Welch,
1992). An increased cellular content of HSPs is thought to promote cellular recovery
~ by binding with misfolded and unfolded proteins and facilitating the refolding of these
proteins when cellular conditions become more favourable (Broome, 2003). In this
case, the stress-induced expression of HSPs act in a manner analogous to their
chaperone function and reflects the operation of a feedback system that responds to

increases in misfolded proteins by elevating the synthesis of the chaperones that help
them refold (Dobson, 2003).

Direct evidence for protective effects of increased HSP content is provided in those

studies employing transgenic approaches whereby cells and tissues that over-express
HSPs show considerable protection to normally damaging stresses (Marber et al,
1995; A.McArdle et al., 2004). An increased content of HSPs following mild or non-

damaging stresses (i.e. pre-conditioning) can also provide cytoprotection against

subsequent periods of normally lethal or damaging stresses (Garramone et al., 1994;

Lepore et al., 2000; McArdle et al., 1997, Maglara et al., 2003; F.McArdle et al.,
2004; Suzuki et al., 2000). A schematic illustration of the function of HSPs in the

stressed cell is displayed in Figure 2.1B. Many HSPs also have specialised functions

in both the stressed and unstressed cell. This is discussed in the following section.
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2.3 HSP FAMILIES

Heat shock proteins can be classified into a number of HSP ‘families’ based on their
molecular mass. Several HSPs are expressed in skeletal muscle, the most prominent
of which include the small HSPs (ranging from 8-32 kDa in size), HSP60 (60 kDa),
HSP70 (70 kDa) and HSP90 (90 kDa). An overview of the location and specific

functions (where known) of these proteins follows. A summary of the classification

of HSPs according to size, location and function is also provided in Table 2.1.

2.3.1 Ubiquitin

Ubiquitin is the smallest HSP (molecular weight of 8 kDa) that is reportedly
expressed in human skeletal muscle (Thompson and Scordillis, 1994). It is a highly

conserved protein that is constitutively expressed in the cytosol of the unstressed cell.
Ubiquitin is considered an HSP as it contains a heat shock element in its promoter
region (Bond and Schlesinger, 1986) and is, thus, stress inducible in response to heat
shock and other stresses such as cellular injury (Powers et al., 2001) and damaging

forms of exercise (Thompson and Scordillis, 1994).

Ubiquitin’s primary role is in both chromatin structure and in protein degradation
events (Welch, 1992). Many intracellular proteins that are to be degraded are first
covalently modified by the addition of ubiquitin. Once ubiquitin conjugated, these
proteins are then targeted for degradation via the ubiquitin-proteasome pathway, the
major system in muscle for identifying and degrading damaged/denatured proteins
(Glickman and Ciechanover, 2001). In this system, proteins that cannot be rescued
are covalently attached to polyubiquitin chains and are thercby targeted for
degradation by the 26S proteasome in the cytosol (Glickman and Ciechanover, 2001).
Proteins that are to be degraded are presented to ubiquitin by the molecular
chaperones HSP40/70 only after repeated attempts at refolding have failed (Goldberg,
2003). The observed increases in ubiquitin levels following stress are therefore to
facilitate the targeting and removal of damaged and denatured proteins. The

ubiquitin-proteasome pathway is therefore considered as an essential mediator of

muscle remodelling during both acute and chronic exercise (Reid, 2005).
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2.3.2 HSP27

HSP27 (or HSP25 1n rodents) is localized in the cytosol in the unstressed cell and is
translocated to within or around the nucleus following stress (Arrigo and Welch,
1987). HSP27 is less universally conserved than other HSPs and accumulates with
slower kinetics and is synthesised for a longer time after stress (Landry ez al., 1991).
Although the precise function (s) of HSP27 remain unclear, it has been shown to be

involved in microfilament stabilization (Lavoie et al, 1993), signal transduction
(Gabai and Sherman, 2002), growth (Welch, 1992), differentiation and transformation
processes (Arrigo and Landry, 1994) and in providing protection against thermal
(Locke, 1997) and oxidative stress (Escobedo et al., 2004).

HSP27 has been proposed to play a direct role in protecting skeletal muscle from
contraction-induced damage specifically via interactions with cytoskeletal elements
(e.g. actin filaments) and in regulation of the glutathione system (Koh, 2002).
Studies in humans have demonstrated that HSP27 is increased approximately 2-fold
48 h following damaging contractions of the elbow flexors (Thompson et al., 2001,
2002, 2003). Lengthening contractions of the EDL muscles of mice resulted in

reduced levels of z-disk and membrane scaffolding proteins (Koh and Escobedo,
2004), which was subsequently accompanied by phosphorylation of HSP25 and

translocation to sites at the z-disk and membrane. Given that HSP25/27 has been
shown to protect the cytoskeleton of different cell types against a variety of stresses
(Welsh and Gaestel, 1998), it is likely that the observed translocation of HSP25
following contraction-induced damage was an attempt to limit cytoskeletal disruption

and to aid in repair of injured structures.

2.3.3 aB-crystallin

aB-crystallin 1s a 22kDa protein which belongs to a family of crystallins found in
vertebrate lenses. It is also expressed in tissues that possess a high mitochondrial

content such as cardiac and type I and IIa muscle fibres where it tends to co-localise
with HSP27 at the I-band and M-line (Neufer et al, 1998). aB-crystallin functions
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as a molecular chaperone to either prevent aggregation of denatured proteins or to

facilitate refolding upon the removal of stress (Jakob et al., 1993).

Similar to HSP27, aB-crystallin is also involved in stabilization of actin filaments
following stressful insults to the cytoskeleton (Mounier and Arrigo, 2002). It has also
been proposed to be involved in regulation of desmin intermediate filaments where it
may help stabilise the Z-line (Atomi et al.,, 1991). The observation of increased
expression of both desmin and aB-crystallin in the vastus lateralis of humans at 14
days following a downhill running protocol suggests that these proteins may be
involved In a remodelling of the Z-disk structures so as to increase resistance to

mechanical stresses (Feasson et al., 2002). It has also recently been demonstrated that
aB-crystallin maintains skeletal muscle myosin ATPase activity and prevents its
aggregation under heat shock stress (Melkani et al, 2006). Furthermore, transgenic
mice overexpressing aB-crystallin are significantly protected against damage at 3 h
following lengthening contractions, possibly via maintenance of the intermediate
filament network (McArdle et al., personal communication). Together with HSP27,
aB-crystallin appears to play an important physiological role which functions to
protect the cytoskeleton and contractile machinery during stressful insults, such as

exercise, in an attempt to maintain muscle performance.

2.3.4 Heme oxygenase 1 (HO-1)

HO-1 (or HSP32) is the inducible isoform of heme oxygenase and is localised in the
cytoplasm of cells. Like ubiquitin, HO-1 is considered an HSP as it contains a heat
shock element in its promoter region (Okinaga and Shibahara, 1993). It is, however,
most often up-regulated in response to oxidative stress that may not operate through
traditional heat shock signalling pathways but may involve nuclear factor kappa B
(NFkB) and activator-protein 2 (AP-2) as transcription factors (Tacchini et al., 1995).
A major function of HO-1 is to catabolize iron-bound heme into biliverdin and
ultimately bilirubin and carbon monoxide (Morse and Choi, 2002). In this way, heme

(which is a pro-oxidant) is thus converted to antioxidant metabolites. Evidence for a

possible role of HO-1 as a defence against exercise-induced oxidative stress in rats
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(Essig and Nosek, 1997; Essig et al, 1997, Hildebrandt et al, 2003), mice
(F.McArdle et al., 2004) and humans (Pilegaard et al,, 2000) has previously been
demonstrated. @ The protective effect of HO-1 is likely a function of the
aforementioned elimination of heme with coincident production of antioxidants
(Noble, 2002) and production of specific cellular messengers (Cary and Marletta,

2001) rather than involving chaperone functions.

2.3.5 HSP60

HSP60 is located primarily within the muscle mitochondrial matrix where it is
constitutively expressed under normal conditions. It is synthesised in precursor form
in the cytoplasm and is then translocated to the mitochondria where it is processed
into its mature form enabling it to function (Mizzen et al., 1989). HSP60 plays an
important role in normal cell function by facilitating the correct folding and assembly
of proteins as they enter the mitochondria and facilitating protein transport across
intracellular membranes (Hood et al., 2000, 2002, 2003).

Following episodes of stress, HSP60 is believed to be involved in the stabilization of
pre-existing proteins (Broome et al., 2003) and is thought to be able to renature
proteins that may have denatured within the mitochondria (Martinus ez al., 1995).
HSPG60 is also stress inducible and is increased in both the soleus muscles of mice
(McArdle et al., 2001) and vastus lateralis of humans (Khassaf et al., 2001) following
non-damaging exercise protocols. HSP60 has also been shown to be up-regulated in
the skeletal muscle of rodents following low frequency chronic electrical stimulation

(Omatsky et al, 1995) and treadmill endurance training (Mattson et al., 2000;

Samelan, 2000) presumably to facilitate increased mitochondrial protein import and

assist in exercise-induced mitochondrial biogenesis

2.3.6 HSP70

The most highly conserved of HSPs and the most widely studied to date are members

of the HSP70 family. The 70 kDa HSPs are very abundant proteins that can account
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for as much as 1-2% of total cellular protein under resting conditions (Herendeen et
al., 1979). Four major isoforms of the HSP70 family have been identified in
mammalian cells (Welch et al., 1989), the most prominent of which include a cognate
isoform (referred to as HSC70 or HSP73) and an inducible isoform (referred to as
HSP70 or HSP72). These two proteins exhibit extremely high sequence homology
(~95%) and share similar biochemical properties (Welch, 1992). These proteins
perform a vast array of functions within the cell including interaction with cell
signalling pathways (Gabai and Sherman, 2002), mRNA stabilization and degradation
(Laroia et al., 1999), assisting in protein degradation (Chiang et al., 1989; Goldberg,
2003), and as regulators of cell death (Samali and Orrenius, 1998; Takayama et al.,
2003). Members of the HSP70 family have also been reported to self-regulate their
stress induced synthesis through interaction with heat shock transcription factor 1 (see
section 2.2). By far the most important role of the HSP70 family, however, is in its

function as a molecular chaperone and cytoprotection (Kiang and Tsokos, 1998).

HSP70 is present at low levels In the cytoplasm of the unstressed cell and is
considered to be primarily stress inducible (Milarski and Morimoto, 1989). A large
 body of evidence now exists to suggest HSP70 is the key stress protein involved in
cytoprotection (for reviews see Locke and Noble, 2002). The cytoprotective
mechanisms of HSP70 are suggested to be similar to its chaperone role where it can
maintain correct protein folding and translocation, refold misfolded proteins, prevent
protein aggregation and assist in the degradation of unstable proteins (Kregel, 2002).
Elevated levels of HSP70 are heavily associated with acquired thermotolerance
(Kregel, 2002; Katschinski, 2004) and in providing cross-tolerance to non-related
stressors. For example, a prior heat stress in rats (which resulted in increased muscle

content of HSP70) provided significant protection against necrosis induced by

ischemia and reperfusion (Garramone et al., 1993; Lepore et al., 2000).

Direct evidence for a protective role of HSP70 against a variety of stresses is provided
from transgenic models. Marber et al. (1995) observed that isolated hearts from
transgenic mice overexpressing HSP70 demonstrated increased resistance to ischemic
injury. A.McArdle et al. (2004) also demonstrated that the recovery of maximal

tetanic force of the EDL muscles of mice following a damaging contraction protocol

was enhanced in both adult and old mice that were overexpressing HSP70. Elevated
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levels of HSP70 in cells or tissues of an exercising organism may therefore permit
Increased tolerance to the biochemical and physiological stresses that accompany
exercise (Locke, 1997).

Although primarily stress inducible, HSP70 is also constitutively expressed in skeletal
muscle in a fibre type specific pattern (Locke et al., 1991; Locke and Tanquay, 1996;
Hernando and Manso, 1997). Muscles such as the soleus (composed primarily of type
[ fibres) contain higher amounts of HSP72 than those muscles comprised mainly of
type II fibres (e.g. the gastronemius). In muscles composed of mixed fibre types,
HSP72 content appears proportional to the percentage of type I fibres (Locke et al.,
1991; Locke and Tanquay, 1996). O’Neill et al. (2006) recently demonstrated that
slower fibre phenotypes are critical for constitutive expression of HSP70. A higher
content of HSP70 in these situations is to perhaps facilitate the increased rate of

protein turnover that is characteristic of these fibres (Obinata et al., 1981).

HSC70 1s constitutively expressed in the cytoplasm of unstressed cells at higher levels
than HSP70 and i1s only slightly increased after episodes of stress such as heat shock
(Welch, 1992) and exercise (McArdle et al., 2001). During stress, HSC70 migrates to
the nucleus and nucleolus where it may bind with denaturing or unfolding pre-
ribosomes possibly facilitating renaturation (Welch and Suhan, 1986). The absence of

HSC70 slows down ribosome translocation thereby slowing the rate of protein

synthesis (Ku et al., 199)5).

The remaining two i1soforms of the HSP70 family are the glucose-regulated proteins
(which are not heat inducible), referred to as GRP75 and GRP78. GRP78 and
GRP75 are located in the sarcoplasmic/endoplasmic reticulum and mitochondria
respectively (Pelham, 1986). Mattson ez al. (2000) observed an increased expression
of GRP75 (105% of control levels) in rodent plantaris muscle following 8 weeks of
treadmill endurance training, suggesting a possible role in facilitating increased
mitochondrial protein import and folding during exercise-induced mitochondrial

biogenesis.
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2.3.7 HSP90

HSP90 (like HSP70) is also a highly conserved family of proteins which represents 1-
2% of total cellular protein under resting conditions (Katschinski et al., 2004). The
HSP90 family consists of three proteins: the glucose regulated protein GRP94
(located in the endoplasmic reticulum) and the two closely related cytoplasmic
1soforms of HSP90a and HSP90B. HSP90 acts in a chaperone like manner that is
involved 1n the folding and activation of an unknown number of substrate proteins
including protein kinases, transcription factors (e.g. HSF1, see section 2.2) and, as
most well documented, steroid hormone receptors (Richter and Buchner, 2001).
These receptors include estrogen, progesterone, glucocorticoid, testosterone and
androgen receptors (Welch, 1992). In the absence of the hormone, HSP90 1s thought
to bind to the receptor and maintain it in an inactive form thereby preventing its
inappropriate interaction with DNA (Dalman er al., 1991). Upon presentation of the
hormone, the receptor-HSP90 complex disassociates and the receptor is rendered
capable of binding with DNA (Locke, 1997). The formation of these proteins with
HSP90 is a prerequisite for their stability and function. Members of the HSP90 family

are therefore considered as key players in cellular processes (Katschinski, 2004).

Although HSP90 is one of the most abundant proteins in unstressed mammalian cells,
it is also increasingly expressed in response to stress (Welch, 1992). The stress-
induced expression of HSP90 is an attempt to prevent the unwanted aggregation of
partially unfolded proteins by maintaining them in a folding competent state for
refolding (Buchner, 1996; Freeman and Morimoto, 1996). Similarly to HSP70,

HSP90 may sclf-regulate its stress-induced synthesis through its interaction with heat
shock transcription factor 1 (Zou et al., 1998). Inhibition of HSP90 function has also

been shown to delay and impair recovery from heat shock suggesting that a multi-

component chaperone complex involving several HSPs is necessary for optimal

protection (Duncan, 2005).
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2.4 EXERCISE-INDUCED EXPRESSION OF HSPS

Exercise is now accepted as a valid method by which to induce HSP expression in a
variety of animal tissues (Tolson and Roberts, 2005). During the 1990’s, a series of
studies employing treadmill running rodents provided conclusive evidence for acute

exercise as a sufficient stimulus to up-regulate HSP expression in tissues such as the
heart (Salo et al,, 1991; Skidmore et al., 1995), brain (Walters et al,, 1998), liver
(Salo et al., 1991) and skeletal muscle (Locke et al., 1990; Salo et al., 1991; Skidmore

et al., 1995; Hernando and Manso, 1997).

Data from skeletal muscle now demonstrate that acute periods of varying forms of
contractile activity can up-regulate aB-crysatllin (Neufer et al, 1998), HSP25 (Koh
and Escobedo, 2004), HO-1 (F.McArdle et al., 2004), HSP60 (McArdle et al., 2001),
HSC70 (McArdle et al., 2001), HSP70 (Salo et al., 1991; Hernando and Manso, 1997;
McArdle et al., 2001; Milne and Noble, 2002; Kim e? al., 2004) and HSP90 (Locke et

al., 1990) in various animal species. The exercise-induced stress response of rodent
skeletal muscle is now relatively well characterised. Time-course approaches have
been adobted following both treadmill running (Hernando and Manso, 1997) and
electrical stimulation protocols (McArdle et al, 2001) and have typically
demonstrated maximal increases in HSP content within 4-12 hours following
exercise. A comprehensive review of the stress response of animal tissue is beyond
the scope of the present review and thus the reader is referred to several excellent

reviews (Locke and Noble, 2002; McArdle and Jackson, 2002, Liu and Steinacker,
2001; Liu et al., 2006).

Data from human studies also demonstrate that both endurance and resistance
exercise can up-regulate HSP expression in human skeletal muscle. Comparison

amongst studies, however, is extremely difficult due to the disparate exercise
protocols employed by investigators (e.g. mode, duration, intensity, damaging, non-
damaging), differing timing of biopsy sampling across studies, the specific muscle
examined (e.g. vastus lateralis vs biceps brachii) and differing subject characteristics
both within and between studies (e.g. gender, training status, recent activity levels

etc). The majority of studies have mainly focused on the response of HSP70 per se
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and as yet, the stress response of human muscle therefore remains to be accurately

determined.

The following sections provide a critical review of exercise related HSP data (both

acute and chronic) and attempts to identify some of the methodological factors that
may be influencing the response. Although attention is primarily directed to human
studies, findings from animal studies, which may be applicable to the exercising

human, are also reviewed where appropriate.

2.4.1 Acute exercise response

2.4.1.1 Treadmill Protocols

Puntschart et al. (1996) were the first authors to provide data regarding the heat shock
response following acute exercise in human muscle. These authors demonstrated that
although HSP70 mRNA 1ncreased 4 fold in the vastus lateralis muscle ﬂnmediately
- post 30 min of treadmill running at the anaerobic threshold (and remained elevated 3h
post-exercise), HSP70 protein levels did not change within 3h after cessation of
exercise. The authors attributed this finding to the fact that there may be a time delay
between transcription and translation and that a 3h time period post exercise was not

sufficient for newly synthesised protein to be detected. It was also speculated that the
absence of an increase in HSP70 protein levels may have occurred due to high pre-
existing protein levels and that a rather high amount of pre-existing HSP70 masked

the appearance of newly synthesised protein.

The only other study to examine HSP70 expression in human muscle using treadmill
exercise 1s the more recent research of Walsh et al. (2001) where five active males
performed 60 min of treadmill running at an intensity corresponding to 70% VO, ax.
HSP72 content in the vastus lateralis was determined pre-exercise, immediately post

and at 2, 8 and 24 h post-exercise. In contrast to Puntschart et al. (1996), HSP72

mRNA was not significantly increased immediately post-exercise yet did increase
6.5-fold 2 h post-exercise. This increase returned to basal levels and was not different

from rest at 8 and 24 h post exercise. HSP72 protein levels did not significantly

21



change from rest at any time point although these data displayed substantial individual

variation with 2 subjects showing marked increases in protein content at 8 h post-

exercise.

The lack of data concerning the stress response of skeletal muscle to running exercise
protocols is somewhat surprising given that running is the most popular form of ‘keep
fit’ activity and is the main activity involved in an array of sports. At present, it is
therefore difficult to conclude that running exercise is a sufficient stimulus to up-
regulate HSP expression. Evidence from rodent muscle (Milne and Noble, 2002)
suggests that the exercise protocols used in the aforementioned studies were not
sufficient in terms of exercise intensity to initiate an overall increase in HSP content.
Milne and Noble (2002) observed an exercise intensity dependent relationship of
exercise-induced elevation of HSPs that appeared reflective of muscle recruitment
patterns. For example, HSP70 displayed a significant increase in the soleus muscle
following 60 min of treadmill running at low to moderate speeds only (15 to 27
m/min) whereas it exhibited a significant increase in the red and white portions of the
vastus muscle only when exercise was performed at the highest running speeds (27 to
33 m/min). These data may therefore be of particular relevance for human studies in

that a “critical threshold” intensity may also be required to induce increases in muscle

HSP content.

Alternatively, it may be that the timing of biopsy sampling in the previous studies was
not appropriate to detect any newly synthesised HSPs, a view later supported by
Khassaf et al. (2001). The above running protocols were indeed sufficient to induce

an increase in HSP70 transcription suggesting that the appropriate signalling pathway
had been activated. Exercise-induced translation of HSPs may therefore require a
greater than 24 h period post-exercise and thus biopsy samples beyond 24 h post-
exercise may be needed so as to detect increases in HSP content. Post-exercise
biopsy sampling In the studies undertaken in the present thesis will therefore be
extended beyond 24 h so as to provide a more accurate indicator of the time-course of

the exercise-induced stress response of human muscle.
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2.4.1.2 Cycling Protocols

Several authors have used cycling protocols as the exercise stimulus to initiate the
stress response (Febbraio and Koukoulas 2000; Khassat et al., 2001, 2003; Jackson et

al., 2004). Febbraio and Koukoulas (2000) observed an approximate 2-fold increase
in HSP72 mRNA in the vastus lateralis of 5 untrained male subjects immediately post

exhaustive cycling exercise at 63% of VOzpeax. Unfortunately, HSP72 protein levels
were not measured due to insufficient tissue. More recently, Febbraio et al. (2004)

failed to detect any increase in HSP60 and HSP72 content in active male subjects

immediately post 2 h of semi-recumbant cycling at 65% VOzma. As discussed
previously, however, it is likely that longer sampling periods following exercise are
needed to allow translation of HSPs to occur as opposed to an inability of cycling

exercise to initiate a stress response.

This has been most well documented by Khassaf and colleagues (2001). Using a 1-

legged model at 70% of VO2max, these authors provided the first report of increased
HSP content of human muscle of sedentary male subjects following acute exercise.
HSP60 content of the vastus lateralis tended to increase 24 h post-exercise although
this increase only became significant 3 days into the recovery period where protein
content increased to 190% of pre-exercise values. HSP70 also tended to increase 1-2
days post-exercise although these values did not become significant until 6 days post-

exercise where large dramatic increases were observed.

The pattern of HSP70 production, in accordance with previous research (Walsh et al,
2001) also showed marked individual variation in terms of both time-course¢ and
magnitude of response (see Figure 2.2). This appeared to be due to a smaller
proportionate response in those subjects in whom baseline HSP levels were relatively

high. Typically, those individuals with relatively low levels of HSP70 responded to
exercise with a faster (1.e. 24 — 48 h exercise) and larger increase 1n HSP70 expression
whereas subjects with higher baseline levels exhibited a slower (i.e. 72 h — 6 days

post-exercise) and much smaller response. Based on their time-course approach,
these authors speculated that 48 h post-exercise was an appropriate time point to

detect increases in HSP levels. Indeed, using this time point, Khassaf et al. (2003)
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and Jackson et al. (2004) later confirmed the ability of the 1-legged model to induce a
stress response 1n untrained subjects where 3-5-fold increases of HSP60, HSP70 and
HSC70 were observed. Due to the large individual vanability observed in their initial
study (Khassaf er al., 2001), however, the time-course of exercise-induced production

of HSPs remains to be well defined.
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Figure 2.2 — HSP70 content in the vastus lateralis (expressed as a percentage of
pre-exercise levels) pre- and post 45 min of 1-legged cycling exercise at 70%
VO, (Khassaf et al., 2001). Notice the large individual HSP response, possibly
reflecting the large inter-subject differences in baseline HSP levels.

2.4.1.3 Resistance exercise and down-hill running protocols

A number of studies (Thompson et al., 2001, 2002) have also investigated the HSP
response to acute bouts of resistance exercise that are damaging in nature. In the first

of these studies, HSP27 and HSC/HSP70 increased by 234 and 1064% respectively in
the biceps brachii of untrained subjects 48 h after 2 sets of 25 repetitions of the

eccentric portion of a biceps curl exercise. Thompson et al. (2002) later examined the
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role of HSPs in the ‘repeated bout effect’ in which the previous resistance exercise
protocol was performed on two occasions, separated by 4 weeks. Not unexpectedly,
indirect indicators of muscle damage changed dramatically and significantly after the
first bout of exercise but had a much smaller response after bout 2, thereby
confirming the repeated bout effect. The relative magnitude of the increase in HSP27
and HSP70 response was the same after both bouts of exercise although the basal

levels of both proteins in both the control and exercised samples of bout 2 were lower.
Although the rates of synthesis of HSP27 and HSP70 were similar after both bouts,

the absolute increase in protein levels was lower after bout 2. These data appear to
represent an adaptive mechanism of the stress response whereby basal levels of stress
proteins may be down regulated following repeated bouts of exercise but yet the
magnitude of HSP expression following acute bouts of exercise is maintained or even
increased. Although this hypothesis is speculative, several other authors have also
reported data portraying a similar phenomenon in the skeletal muscle of trained
rodents (Gonzalez et al., 2000) and leukocytes of trained humans (Fehrenbach et al,
2000) following an acute exercise stress and an in vitro heat shock, respectively. The
effects of training status on basal HSP levels and the ability to mount a stress response

is discussed in section 2.4.2.

Data are also available examining the stress response following downhill running
protocols (Feasson et al. 2002; Thompson et al,, 2003). These protocols are also
damaging in nature due to their bias towards lengthening contractions and are
therefore discussed here as opposed to section 2.4.1.1. Feasson et al. (2002)

subjected 12 untrained male subjects to 30 min of downhill running (12% gradient) at

an intensity corresponding to 53.9 + 1.5% of VO,mr. The authors focused on the
response of aB-crystallin and HSP27 due to the role of the small HSPs in the
assembly and maintenance of the intermediate filament network (Mounier and Arrigo,
2002). A 2.8-fold and 2.2-fold of HSP27 and aB-crystallin was observed at 24 h
post-exercise respectively. These increases were still evident at 14 days post-
exercise, suggesting that the small HSPs play an integral role in the
assembly/maintenance and remodelling of myofibrillar structures following exercise-

induced muscle damage. The up-regulation of these proteins at 14 days post-exercise

also suggests that they may play a protective role against further damaging stresses.
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In contrast to the above data, Thompson et al. (2003) observed no increase in HSP27
or HSP70 levels 48 h following a downhill running protocol (10% gradient) at a mean
heart rate of 77% of subjects’ age predicted maximum. It is difficult to explain the
discrepancies between studies although it should be noteci that the subject base of
Thompson et al. (2003) also included female subjects and thus may provide evidence
of a gender specific stress response of human skeletal muscle to exercise. A gender

specific response of HSP70 following an exercise stress is now well documented in

animal models (Paroo et al., 2002) where female rodents have displayed a diminished

stress response to exercise. This issue is discussed further in section 2.4.1.5 4.

It is difficult to draw firm conclusions regarding the impact of the above described
exercise protocols on muscle HSP production because of the inflammatory response
that occurs in the days following damaging exercise. It is therefore possible that
many of the reported increases in HSP content in these studies are also due to the
increased presence of phagocytic cells given that such cells contain relatively high
levels of HSPs (Khassaf et al,, 2003). The invasion of phagocytic cells would also

result in neutrophil derived increases in free radicals thus contributing to secondary

" muscle injury that may further augment the intra-muscular expression of HSPs.

Analysis of muscle homogenates obtained from muscles that have undergone exercise
protocols that are damaging in nature therefore make it extremely difficult to
specifically quantify those HSPs that are induced by skeletal muscle gene expression
by factors occurring during exercise (i.e. increased temperature etc) or are merely due
to changes in phagocytic cell content and resulting secondary signalling pathways
(Vasilaki et al., 2006). Non-damaging exercise protocols (where non-damaging is
defined as exercise that induces no overt structural or functional damage to the
muscle), such as those discussed in section 2.4.1.1 — 2.4.1.2, have therefore been
suggested to provide a more controlled and cleaner methodological approach by
which to study the exercise-induced regulation of HSPs (Vasilaki et al.,, 2006). A
non-damaging exercise protocol will therefore be employed in all exercise related

studies undertaken in the present thesis.
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2.4.1.4 Time-course of the response

In light of the above data, it appears that the heat shock response in human tissue
occurs with a somewhat greater time delay than that typically observed in animal
models where an increase in HSP protein levels can be expected within several hours
post-exercise. In humans, HSP mRNA has been shown to be increased during
(Febbraio and Koukoulas, 2000), immediately (Puntschart et al, 1996) or several

hours post-exercise (Walsh et al., 2001) whereas an increase in protein levels has only

been observed 1-14 days post-exercise (Feasson et al, 2002; Khassaf et al,

2001,2003; Jackson et al, 2004; Thompson et al., 2001, 2002). Based on those
studies that have performed serial biopsies either within one day (Walsh et al., 2001)

or on consecutive days (Khassaf et al., 2001), it would appear that 48 h post-exercise
is a reasonable time point at which to detect significant increases in HSP levels. This
time point has indeed been adopted in many of those studies where only one post-
exercise biopsy has been performed (Khassaf et al., 2003; Jackson et al., 2004,
Thompson et al., 2001, 2002, 2003). The time-course of the stress response,

however, may be specific to particular HSPs and may also be dependent on the
characteristics of the chosen exercise protocol (e.g. intensity / duration / mode /
damaging / non-damaging). The response of some of the major HSP families outlined
in section 2.3 will therefore be simultaneously examined in all experimental studies

undertaken in this thesis.

2.4.1.5 Individual variation of the response

The exercise-induced stress response of human muscle appears to display remarkably
high individual variation (in terms of both magnitude and time-course), which appears

to be due, in part, to individual differences in baseline HSP levels (Walsh et al., 2001;
Khassaf et al., 2001). In considering factors that determine basal HSP levels and / or
the extent of the heat shock response to various stresses, training status (Gonzalez et
al., 2000), recent activity levels (Campisi et al., 2003), thermal history (Kregel, 2002),
energy availability (Febbraio et al., 2002a), gender (Paroo et al, 2002) and age
(Vasilaki ez al., 2002) have all been considered as possible determinants. The roles of

the above factors in influencing the magnitude of the exercise induced stress response
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are discussed in the following sections. An understanding of the potential influence
of these factors is extremely important when recruiting subjects for which to examine

the exercise-induced stress response of human muscle.

2.4.1.5.1 Training status

It has been suggested that trained subjects may exhibit a diminished stress response to
exercise of a customary nature, given that the adaptations that occur during exercise
training function to reduce the degree of homeostatic unbalance that occurs during a
given exercise stress (Smolka et al., 2000; Nething et al., 2004; Liu et al., 2006).
Alternatively, several data suggest that trained muscle may respond to an acute
exercise stress with a faster and larger production of HSPs thereby helping the cell to
recover quicker (Campisi et al., 2003; Gonzalez et al., 2000; Fehrenbach et al., 2000).
A more comprehensive discussion of these data is provided in section 2.4.2.2.
Although it i1s presently unclear how training status influences the magnitude of the
exercise-induced stress response of human skeletal muscle, it is nevertheless apparent
that subtle differences in training status between subjects may contribute to the

individual variation observed previously both within and between studies.

2.4.1.5.2 Recent activity levels / thermal history

The cellular content of HSPs at any given time may simply be a reflection of the
previous exposure to acute periods of stress such as physical activity (i.e. exercise) or

hyperthermia. Data suggest that some HSPs may indeed remain elevated for up to 14

days following an acute exercise stress (Feasson et al., 2002). There is also evidence
that heat acclimatised organisms display higher basal levels of HSPs in various cell
types. For example, 1n a survey of lizard species inhabiting a variety of environments,
the liver level of HSP70 was correlated to the level of the environmental niche
(Ulmasov et al., 1992). Skin fibroblasts from individuals living in a hot climate also
contain higher HSP70 levels than those cells from individuals living in a moderate

climate (Lyashko et al, 1994). In a similar manner to that of trained muscle, those

cells demonstrating elevated levels of HSPs following a recent stress may therefore
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not need to exhibit a further production of HSPs following an acute exercise stress as
they may already be pre-conditioned to such stresses. Variations in the basal levels of
HSPs and in the magnitude of the exercise-induced production of HSPs may therefore
be related to the timing of previous exposures to stress. Non-heat acclimatised and
rested individuals should therefore be utilised in all of the experimental studies in the
present thesis. Precisely how long, however, that is required to alleviate the acute

expression of HSPs is not well defined.

24.1.5.3 Energy availability

Reduced glucose availability activates the stress response in vitro (Sciandra and
Subjeck, 1983) and a reduction in muscle glycogen has also been suggested to be a
contributing factor to the exercise-induced production of HSPs in human skeletal
muscle (Febbraio and Koukoulas, 2000; Febbraio et al., 2002b). Exactly how
carbohydrate availability may regulate HSP expression is unclear and a more
comprehensive discussion as to the role of energy availability in activating the stress

response is provided 1n section 2.5.3. Nevertheless, these data suggest that inter-
subject variations in pre-exercise muscle glycogen content may contribute to the
variability of the exercise-induced induction of HSPs. It is extremely difficult,
however, to ensure similar glycogen levels between subjects as resting muscle

glycogen content 1s dependent upon recent activity, training status and predominant

fibre type (Maughan et al., 1997).

2.4.1.5.4 Gender

It is suggested that female rodents (Amelink and Bar, 1986) and humans (Shumate et
al., 1979) experience exercise-induced muscle damage to a lesser degree than that of
their male counterparts. Females should therefore display a decreased intracellular
accumulation of denatured proteins than males and thus it follows that females should
exhibit an attenuated HSP response to exercise (Paroo et al,, 1999). In keeping with

this hypothesis, Paroo et al. (1999) observed significantly lower post-exercise HSP70

content in female rodent heart, lung, liver and skeletal muscle when compared to male
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rodents. Estrogen treated males also exhibited a blunted stress response to exercise,
similar to that observed for female rodents. The same workers later demonstrated that
removal of ovaries from female rodents resulted in muscle HSP induction similar to
that of male rodents and further showed that estrogen treatment to ovariectomized
animals reversed this effect (Paroo et al., 2002). Although the exact mechanisms by
which estrogen attenuates HSP70 induction with exercise are unclear, it is thought to
be mediated through an indirect antioxidant activity and stabilization of cellular
membranes (Paroo and Noble, 2002). A gender specific HSP response of human
skeletal muscle to exercise may therefore explain some of the discrepancies between

studies reviewed previously.

24.155 Age

A growing body of literature indicates that the stress response is severely attenuated
with ageing. This is the case in a variety of cell types following a number of
stressors. For example, tissues from aged animals (Kregel and Moseley, 1996; Zhang
et al., 2002) and lymphocytes (Jurivich et al, 1997; Rao et al.,, 1999) and monocytes
(Njemini et al, 2003) from elderly humans show a reduced production of HSPs
following heat stress. Following an exercise related stress, the myocardium (Demirel
et al., 2003) and skeletal muscle (Vasilaki ez al., 2002) from aged rodents also exhibit
a diminished HSP response when compared with their younger counterparts. The
precise mechanisms underlying the attenuated stress response of aged skeletal muscle
following contractile activity is an active area of research (Vasilaki et al., 2006) and
may be related to transcriptional defects. These data therefore suggest that future
research should employ subjects from similar age ranges so as to climinate the

potential individual variability of the exercise-induced stress response.

2.4.1.6 Summary

Available data now demonstrate that acute forms of endurance and resistance exercise
up-regulates several HSPs in human skeletal muscle. Despite these recent advances,

the exercise-induced stress response remains poorly characterised and understood.
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This is due to variations in timing of biopsy sampling between studies, restrictions of
analysis to one or two HSPs per se (most notably HSP70) and differing subject
characteristics both within and between studies. Future researchers should therefore
focus their efforts in obtaining tissue from carefully chosen time points (with respect
to their chosen exercise protocol) and also examine the response of several HSP
families. The importance of utilising subjects from a relatively homogenous
population (1.e. age, gender, training status, nutritional status, recent activity levels
and thermal history etc) should also not be underestimated as all of these factors

appear capable of influencing the magnitude of the stress response.

2.4.2 Exercise training

Whereas increased production of HSPs following an acute exercise stress primarily

functions as an attempt to recover and regain cellular homeostasis, changes in HSP

content that occur with repetitive exercise likely represent adaptations that serve to
maintain homeostatic balance during a given stress (Noble, 2002). An up-regulation
- of basal HSP content during chronic exercise may therefore be a crucial component of
the cellular and molecular mechanisms by which exercise confers protection to cells
and tissues against a variety of related and non-related stressors (Locke, 1997). This
concept of acquired cross-tolerance, where stressor A (e.g. exercise) confers
protection against stressor B, 1s further discussed in section 2.6.1. An increase in
basal HSP levels in trained muscle may also of be particular importance in facilitating

the cellular remodelling processes that are inherent of the training response (see

section 2.6.2).

A wealth of data suggests that various types of chronic contractile activity (e.g.
chronic electrical stimulation, treadmill training) is accompanied by an increase in
basal HSP levels in both cardiac (Demirel et al, 1998; Powers et al., 1998, 2001,
Noble et al., 1999; Samelan, 2000; Harris and Starnes, 2001; Atalay et al., 2004) and
skeletal muscle (Kelly et al, 1996; Neufer et al., 1996; Echochard et al, 2000;
Gonzalez et al,, 2000, Mattson et al., 2000, Samelan, 2000; Samelan et al., 2000:
Atalay et al,, 2004). As highlighted earlier, a comprehensive review of the stress

response of animal tissue is beyond the scope of the present review and thus the
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reader is referred to several excellent reviews (Locke and Noble, 2002; McArdle and
Jackson, 2002, Liu and Steinacker, 2001; Liu et al., 2006).

The elevation of basal HSP levels in animal muscle has led to the question of whether
training status blunts the ability to respond to additional or novel stresses with a
further increase in HSP production (Noble, 2002). Alternatively, there are several

reports that exercise training enhances the ability to respond to either novel or
customary stresses (Gonzalez et al., 2000; Campisi et al., 2003). In contrast to
animal muscle, data from human muscle concerning the influence of training status on
both basal HSP levels and the ability to produce HSPs following an acute exposure to

stress are extremely limited. These issues are discussed in the following sections.

2.4.2.1 Basal HSP content

Research from Liu and colleagues (1999, 2000, 2004) has presented data appearing to

portray similar findings as to those observed in animal muscle. In their initial study
(Liu et al, 1999), 10 elite male rowers performed a 4-week training programme
consisting of 4 distinct phases whereby exercise volume was different in each phase
(1 week represented 1 phase). The maximum increase in HSP70 content of the vastus

lateralis (123% over resting levels) was found at the end of the second phase of
training when the maximum amount of exercise had been completed. With the
exercise volume decreasing during the third and fourth weeks, the increase in HSP70
began to attenuate with HSP70 levels at the end of training declining towards resting

values. These data suggest that the HSP response to training is related to the total
exercise volume although at this stage the authors could not comment on whether

such a response was dependent on the intensity or volume of the exercise stress.

In a subsequent study, Liu et al. (2000) attempted to address the relative importance
of exercise intensity and volume in contributing to increased HSP synthesis. In this
study, 14 clite male rowers were split into two groups (A, n =6; B, n = 8) and each
group performed a training programme consisting of 3 distinct phases where exercise

Intensity was changed in each phase. Group A performed higher intensity training in

phase 1 whereas group B performed higher intensity training in phase 2. Total
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training volume was matched in both groups during the first two phases. During the
third phase, both volume and intensity was reduced in both groups. Muscle biopsies
were again taken from the vastus lateralis prior to training and at the end of each
training phase. The highest level of HSP70 in group A was observed at the end of
training phase 1 while in group B it was observed at the end of phase 2. Reduction in
training volume and intensity during phase 3 was associated with declines of HSP70
levels to basal levels in both groups (see Figure 2.3). These data suggest that the
HSP70 response to training is most dependent on exercise intensity. This, of course,
sounds physiologically reasonable given that high intensity exercise is associated with
greater core temperature, muscle lactate, glycogen depletion and production of free

radicals (see section 2.5 for a discussion of possible signals responsible for initiating

the stress response).

Figure 2.3 — HSP70 response to training during 3 phases of different training
intensity. Notice that in phase 3 when exercise intensity had decreased, HSP70
expression in both group A (open bars) and B (hatched bars) had returned to

pre-training values (Liu et al., 2000).
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Importantly, the data of Liu et al. (2000) suggest that the increases in HSP levels
observed with training are only maintained if the training stimulus (both intensity and
volume) is either held constant or increased. If the training stimulus is reduced, HSP
levels appear to return to pre-training baseline levels. These data are of important
significance in that HSP mediated protection is also likely to return to pre-training
values. It is therefore possible that a down-regulation of HSP content upon the
cessation of an exercise training programme (or in a period of de-training) may be one

of multiple mechanisms by which the repeated bout effect can be quickly attenuated.

The effects of different modes of exercise training on the HSP70 response in human
muscle have also been recently studied (Liu et al, 2004). Six elite male rowers
underwent a training programme consisting of two 3 week phases separated by a 1
week recovery period. In the first phase, subjects performed high intensity strength
training (blood lactate levels ranging from 4.7 to 11.3 mmol.I") and in the second
phase the subjects performed low intensity endurance training (blood lactate levels
ranging from 1.3 to 3.0 mmol.I""). HSP70 content of the vastus lateralis increased
significantly by 43% at the end of phase 1. It then decreased significantly during the
1 week recovery period and remained unchanged throughout the 3 “‘week endurance
training period. Nevertheless, the HSP70 content was still above pre-training levels at
the end of the total training programme. With regard to the differential response to
each training regime, it is possible that the apparent blunted HSP70 response to
endurance training was due to the prior bouts of high intensity resistance training,
which may have pre-conditioned the muscle for a subsequent stress. Indeed, HSP70
levels did remain above baseline throughout endurance training and may therefore not
have needed to increase any further to combat the disruptions in homeostasis caused
by low intensity exercise. Alternatively, considering all subjects were elite athletes
and the low intensity nature of this particular training phase, it may simply be that this
period of exercise did not induce strong enough stimuli to mediate a stress response.
This is contrast to resistance exercise where a large and dramatic heat shock response
is usually observed (Thompson et al., 2001, 2002). These data support those issues
discussed previously whereby the exercise-induced production of HSPs during both
acute and repeated exercise appears related to exercise intensity, individual training

status and recent activity.
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Although the above studies have provided the initial data regarding the stress response
to exercise training, they are limited in their design and their failure to disclose the
precise time point of biopsy sampling in relation to the last training session. This is
particularly important considering that in some individuals, HSP70 may take 3 - 6
days to increase above resting levels in response to an acute bout of exercise (Khassaf
et al.,, 2001). Given that the HSP response is generally regarded as a transient

response required by cells to allow them to adapt to a new level of stress (Locke,

1997) 1t 1s possible that many of the reported increases in HSP levels in the previous
studies and animal literature simply reflect the change in exercise intensity/duration
from the previous exercise session. Furthermore, the subjects used in the previous
investigations were already of elite nature and thus it 1s possible that the short-term
training interventions were insufficient to induce further gross changes 1in muscle HSP
levels. As such, the pre-training intervention levels of HSPs 1n these subjects may
have already been appropriate to counteract the stress of customary training routines.
It is therefore possible that HSP levels of these subjects are somewhat higher than

those of less conditioned or sedentary population.

It would therefore seem appropriate to also employ additional experimental designs
that allow the impact of training on basal HSP levels to be further characterised. Such
designs may include cross-sectional studies whereby the basal levels of HSPs in both
trained and untrained individuals who are in a fully rested state could be readily
compared. This may provide a more accurate representation of those HSPs induced
by chronic exercise as opposed to those induced as a transient response from the last
bout of exercise undertaken.  Precisely how long, however, that is required to

alleviate the acutely produced HSPs remains to be defined. The time-course of

reduction of HSP levels to pre-training values following the cessation of training also

remains to be characterised.

2.4.2.2 Magnitude of the stress response

In addition to adaptations of basal HSP status following exercise training, it is also
important to consider how training affects the ability to synthesise HSPs following an

acute stress. It has been suggested that exercise training might allow an individual to
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mount a greater and/or faster stress response following an acute bout of stress
(Gonzalez et al. 2000). These authors observed that when trained rodents performed
an acute bout of treadmill running (of lower intensity than the customary training
sessions) 3 days after their last training session, the ratio of their post-exercise vs
resting synthetic rates of HSP72 was significantly elevated compared to sedentary
controls. Similar observations have been made from blood leukocytes of trained
humans where the application of an in vitro heat shock to resting leukocytes of trained
and untrained individuals induced a significantly higher increase in HSP70 gene
expression in trained subjects (Fehrenbach et al, 2000). Consistent with these
findings, Campisi et al. (2003) also demonstrated that habitual physical activity
facilitates stress-induction of HSP72 in brain, peripheral and immune tissues. These
authors showed that rodents who had previously completed 8 weeks of voluntary free
wheel running exhibited a larger increase in HSP72 than sedentary rats in brain, heart,
liver and spleen tissue following a novel tail shock stress or exhaustive treadmill
running exercise. Taken together, the above data suggest that trained individuals may
have an increased ability to recover and regain cellular homeostasis following an
acute bout of novel or customary stress via the increased ability to synthesise HSPs.

It is presently unclear, however, if this mechanism is in operation in the skeletal

muscle of humans following an acute exercise stress of either customary or novel

nature.

Alternatively, it is possible that the HSP response to exercise in the trained state is
associated with a reduced stress response as the muscle is already pre-conditioned
with appropriate endogenous defence systems to combat any homeostatic disruptions.
Several data also appear to support this hypothesis. For example, trained rodents
display a blunted production of HSP70 in soleus muscle than sedentary rodents
following an acute exercise protocol matched for both absolute treadmill speed and
duration (Smolka et al., 2000). This finding was attributed to a training-induced
increase in baseline protective systems such as increased activity of antioxidant
enzymes of catalase and glutathione reductase. It was therefore suggested that HSPs
act as a secondary antioxidant defence system providing additional protection when
the primary system is overwhelmed. In a preliminary finding from humans, Nething

et al. (2004) observed that a group of well trained rowers did not show any increase in

muscle HSP70 gene and protein expression within 6 hours following a high intensity
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strength training session or low intensity endurance training session. These data are
limited, however, In that a less-conditioned control rowing group were not studied.
Further studies where both trained and untrained groups are compared in their stress
response to an acute exercise stress are therefore necessary. Such investigations

should also obtain biopsies beyond the time-point of 6 h post-exercise so as to

examine changes in HSP content.

2.4.2.3 Summary

It is clear that our current understanding of how periods of exercise training affect
both basal HSP levels and also the ability to mount a stress response following an
exercise stress is extremely limited. This is particularly the case in relation to the
exercising human. Available data indicate that training up-regulates basal HSP levels
in a complex manor that is dependent on exercise intensity / duration and also the
individual’s initial training status. The magnitude of the stress response following
acute exercise in trained muscle is also not well defined although preliminary reports
suggest that trained muscle exhibits a blunted production of HSPs to customary
exercise. These questions bear important significance from both a health and

performance perspective and will therefore be addressed in this thesis.
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2.5 POSSIBLE PHYSIOLOGICAL SIGNALS INITIATING THE EXERCISE-
INDUCED STRESS RESPONSE

The cellular stress response has been shown to be activated both in vitro and in vivo
following various types of stress including thermal, oxidative, mechanical, metabolic
and cytokine production. These stressors are similar to the homeostatic perturbations
occurring in contracting skeletal muscle and thus it is difficult to isolate the precise
signal(s) that is responsible for initiating the exercise-induced stress response. In the
present section, data concerning the role of the above factors in contributing to the
exercise-induced stress response is discussed. Given the limited amount of data from

human studies that have addressed this issue, data from animal studies will also be

discussed.

2.5.1 Temperature

A major portion of the energy utilised by skeletal muscle to perform physical work 1is

converted to thermal energy, ultimately translating to an increase in temperature of

the contracting muscle and in whole body core temperature. Given that heat shock

was the first stimulus discovered to induce HSP expression (Ritossa, 1962; Tissieres
et al, 1974) and also the role of HSPs in providing thermotolerance (see section
2.6.1), it is therefore tempting to speculate that exercise-induced hyperthermia is the

dominant signal that is responsible for protein denaturation and the subsequent

initiation of the cellular stress response during exercise.

Exercise-induced increases in core and contracting muscle temperature are indeed
routinely suggested as a possible factor for inducing an up-regulation of HSPs
following exercise (Fehrenbach and Niess, 1999; Lancaster and Febbraio, 2005; Liu

and Steinacker, 2001; Liu et al, 2006). Supporting evidence for this hypothesis is
provided from a number of cell types and experimental approaches. Although less
thermally sensitive than cardiac tissue (All et al., 1997), there are several studies

demonstrating that heat shock to physiological temperatures to those comparable to

exercise (Brooks et al., 1971) can induce increases in HSP content of skeletal muscle.
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For example, both in vitro (Maglara et al,, 2003) and in vivo (Oishi et al., 2002, 2003)
heating protocols in which cell temperature was increased to 42 °C induce increases
in HSP70 content of C,C,; skeletal muscle myotubes and rodent muscle, respectively.
Kim et al. (2004) also demonstrated that the exercise-induced increase of HSP70 in
the myocardium and soleus muscle during exhaustive treadmill running is
significantly enhanced when exercise is performed under elevated ambient

temperatures (41 vs 23 °C), despite reduced running times. Furthermore, when the

exercise protocol was performed in cool ambient conditions (12°C), no increase in
HSP70 content was seen in either tissue. It was therefore concluded that the exercise-
induced accumulation of HSP70 is dependent on the absolute body temperature,
irrespective of exercise duration. Elevations in cellular temperature per se can also
induce increases in reactive oxygen species (Salo et al., 1991; Zuo et al., 2000) and
carbohydrate utilisation (Febbraio, 2000), also thought to be potent activators of the
exercise-induced stress response (see section 2.5.2 - 2.5.3). These data suggest that
elevated temperature may influence HSP expression via a direct thermal modification

of intracellular proteins and also as a result of secondary signalling pathways.

In contrast to the above, numerous data suggest that rises in core and muscle
temperature may not be the sole signal responsible for the exercise-induced
expression of HSPs. Skidmore et al. (1995) observed increases in HSP70 content in
both skeletal and cardiac muscle of rodents 30 min after 1 h of treadmill running
which were independent of an increase in core temperature. It is important to note,
however, that an absence of a rise in core temperature does not necessarily mean that
the temperature of the contracting muscle was stable. Indeed, Febbraio et al. (1996)
blunted the rise in rectal temperature in humans during exercise in a cool environment
and still observed a rise of 3.3 °C in the vastus lateralis muscle. Nevertheless,

clectrical stimulation of both rabbit (Neufer ef al., 1996) and rodent (McArdle et al,

2001) muscle has induced increases in muscle HSP content in the absence of an
Increase in muscle temperature. The magnitude of HSP increases observed in animal
studies following treadmill running (Locke et al., 1990; Salo et al., 1991; Skidmore et
al., 1995; Hernando et al, 1997, Milne and Noble, 2002) or electrical stimulation
protocols (Neufer et al., 1996; McArdle et al., 2001) is also somewhat larger than that

obscrved following in vivo heating protocols (Oishi et al., 2002, 2003) thus
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suggesting that additional signals arising during exercise other than elevated
temperature are contributing to the heat shock response. Based on available data,
however, it 1s extremely difficult to ascertain the role of increased temperature as the
primary activator of the exercise-induced stress response of human skeletal muscle in
vivo. Despite a decade of research, this hypothesis remains to be formally tested and

will therefore be investigated in this thesis.

2.5.2 Oxidative stress

A large body of evidence now exists suggesting that exercise-induced production of
reactive oxygen species (ROS) and the associated modification of protein structure
may be an extremely important signalling pathway up-regulating HSP expression.
Free radicals and reactive oxygen species have long been considered as ‘injurious
molecules’ because of their capacity to promote cellular damage and their
involvement in the pathogenesis of a variety of diseases (Hamilton and Powers,
2002). However, evidence i1s now also emerging indicating that exercise-induced

increases in ROS can act as important cellular messengers in signal transduction and

activation of many redox regulated transcription factors such as NF-kB, activator
protein 1 (AP-1) and HSF1 (Pattwell and Jackson, 2004, Jackson, 2005).

There are many potential sources of ROS within the cell including the mitochondrial
respiratory chain, xanthine oxidase production of the superoxide radical, plasma
membrane located systems for superoxide and nitric oxide production and neutrophil-
induced oxidative bursts. A proposed scheme for the generation of ROS in skeletal
muscle is shown in Figure 2.4. Although the relative contribution of each of these
pathways during exercise remains an ongoing and active area of research, it is largely
considered that the mitochondria may be the major site of ROS generation, especially
during acrobic and endurance type exercise (McArdle et al, 2002; McArdle and
Jackson, 2002). Despite the fact that oxygen consumption during these type of
activites is relatively high as is the tendency to form ROS, these form of contractions
result In considerably less muscle damage than that induced by lengthening

contractions (McArdle et al.,, 2002). In these instances, it is suggested that exercise-

Induced increases in ROS production may therefore act as a signal for the activation

40



DIAGRAM ON THIS
PAGE EXCLUDED
UNDER INSTRUCTION
FROM THE
UNIVERSITY




of the stress response whereby the increased expression of HSPs provides protection
against further insults and is involved in any necessary cellular remodelling rather

than initiating damage (McArdle and Jackson, 2000).

McArdle et al. (2001) demonstrated that a 15 min period of mild non-damaging
isometric contractions of the hindlimbs of mice results in increased release of

superoxide anions from within the muscle into the extracellular space. This increased
production of free radicals was accompanied by a transient oxidation of muscle

protein thiols which was reversed within 1-2 hrs following the contraction protocol.
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Despite the oxidation of muscle proteins, no evidence of overt cellular damage was
seen, as demonstrated by circulating creatine kinase levels. The contraction protocol
also resulted in a rapid and substantial increase in HSP production in the soleus
(HSP60 and HSP70) and extensor digitorum longus (HSP70) muscles. These
findings appear consistent with data from other cell types (Freeman et al., 1995;
McDuffee et al., 1997) in that oxidation of muscle protein thiols may be part of a key
signalling mechanism leading to increased HSP production. Comparable data have
also been obtained from humans where an acute bout of exercise that resulted in
increased total superoxide dismutase activity also induced an up-regulation of HSP60
and HSP70 content of the vastus lateralis (Khassaf et al.,, 2001). These data suggest
that subtle moments of redox imbalance may act as a signal for adaptation either by
direct interaction with HSF1 (Ahn and Thiele, 2003) or by causing some minor

oxidative damage to proteins that is detected by the cell subsequently leading to an

up-regulation of HSPs.

Given the evidence that ROS can serve as a stimulus for HSP production, it follows
that enhancing cellular antioxidant defences could inhibit HSP transcription thereby
attenuating the accumulation of HSPs (Hamilton and Powers, 2002). This hypothesis
has been confirmed following stressors such as heat shock (Gorman et al, 1999),
hypoxia (Borger and Essig, 1998), ischemia-reperfusion (Nishizawa et al., 1999) and
exercise (Hamilton et al, 2003). These findings have recently been extended by a

series of human studies demonstrating that the increased production of HSP70 content

in human skeletal muscle following 1-legged cycle ergometry (Khassaf et al., 2001)
was effectively abolished following vitamin C (Khassaf et al, 2003), vitamin E
(Jackson et al., 2004) or B-carotene supplementation (Jackson et al.,, 2004). It should
be noted, however, that antioxidant supplementation in these studies induced a
significant increase in baseline muscle HSP70 content suggesting that an attenuation
of the exercise-induced response may be related to an increase in baseline protective
systems. Alternatively, it may be that an elevation of tissue antioxidant capacity
directly scavenges exercise generated ROS thereby abolishing transcriptional activity

of the HSP genes. Experimental support for this hypothesis was recently provided by

Fischer et al. (2006) where the combination of vitamin C and E supplementation
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inhibited increases in muscle HSP72 mRNA expression immediately following 3 h of

knee extensor exercise.

The above studies demonstrate, unequivocally, a role of ROS in activating the stress
response. A proposed simplistic relationship between ROS, antioxidants and HSPs is
displayed in Figure 2.5. Further research is required to add to the depth of this
relationship and alleviate the precise mechanisms underlying this model. This is
likely to be a long process, however, as the precise source and species of exercise-
induced radical production in skeletal muscle remains to be defined. This is
particularly the case in humans where data concerning the exercise-induced oxidant

production are extremely limited.

CELL STRESS o B
REACTIVE OXYGEN SPECIES T antioxidant enzyme activity

ANTIOXIDANTS

HSP gene activation

? interaction
between
antioxidant
enzymes and HSPs

CELLULAR

T HSPs PROTECTION

Figure 2.5 — Proposed relationship between HSPs, ROS and antioxidants (Hamilton and Powers,
2002). Cell stress (including ROS mediated stress) leads to up-regulation of HSPs and antioxidant
enzyme activity ultimately leading to protection against subsequent cell stress. Exogenous
antioxidants may interfere with activation of HSP genes, thus inhibiting HSP synthesis and related
cell protection. HSPs may or may not exert their cellular protective effects in concert with
antioxidant enzymes.
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2.5.3 Metabolic stress

Reduced glucose availability (Sciandra and Subjeck, 1983), ATP depletion (Benjamin
et al., 1992), acidosis (Weitzel et al., 1985) and increased intracellular calcium levels
(Welch et al., 1983) can all induce an increased production of HSPs. 1t is therefore
unsurprising that exercise-related metabolic stress has also been suggested to be an
important factor in initiating the exercise-induced stress response (Fehrenbach and
Niess, 1999; Liu and Steinacker, 2001).

In myogenic cultured cells, ATP depletion to 30% of control levels and a fall in pH
from 7.3 to 6.9 was sufficient to induce HSF1 activation (Benjamin et al., 1992).
Reductions in pH to 6.7 in the face of maintained ATP levels failed to activate HSF 1
(Benjamin et al., 1992). These data suggest that ATP depletion, independent of
acidosis and lactate accumulation, may therefore be an important metabolic pathway
for the expression of HSPs during exercise. When ATP 1s reduced to a critical level,
HSPs remain complexed to unfolded proteins and cannot be recycled. Consequently,

the pool of free or available levels of pre-existing HSPs decreases thereby leading to

trimerization of HSF1 and transcription of the HSP genes. It is difficult to ascertain
the contribution of ATP depletion per se during whole body exercise, however, as

ATP levels are rarely depleted to less than 60% of pre-levels, even when exercise is

exhaustive (Bangsbo, 2000).

A series of studies in humans have indicated that availability of carbohydrate for the
active muscles may be particularly important in contributing to the exercise-induced

expression of HSPs in both skeletal muscle and the circulation. These data are

consistent with observations that muscle glycogen depletion during exercise results in

intracellular changes in the ATP/ADP ratio (Sahlin et al.,, 1990; Spencer et al., 1991;
Baldwin et al, 1999). As outlined above, this may thereby increase polypeptide
bound HSP72, decrease free HSP72 levels and thus ultimately increase HSP72
expression. Febbraio and Koukoulas (2000) demonstrated that the observed increase
in HSP72 gene expression during exhaustive cycling only occurred late during
exercise when intramuscular glycogen levels were reduced to low levels (< 100 mmol

kg dry wt™"). Febbraio et al. (2002b) subsequently demonstrated that the magnitude of

the exercise-induced stress response may, in part, be influenced by pre-exercise
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muscle glycogen content. Using a 2-legged exhaustive knee extensor protocol, these
authors observed a 2-fold increase in both HSP72 gene and protein expression
immediately post-exercise only in the leg that performed a glycogen depleting
protocol 24 h prior to the exercise bout. These data are limited, however, in that it
may have been the preceding glycogen depleting protocol that was responsible for the
increased HSP expression as opposed to the reduced pre-exercise glycogen levels.

This would appear consistent with the time-course of the HSP70 response previously

observed in certain individuals following an exercise stress (Khassaf et al, 2001).
Furthermore, whilst these data indicate that carbohydrate availability may be a
contributing factor to the exercise-induced expression of HSPs, they do not provide

definitive evidence for energy depletion as the primary signalling pathway.

2.5.4 Cytokine production and inflammatory stress

Several cytokines have previously been demonstrated to be positive regulators of HSP
expression (Arrigo et al., 1987; Ciocca et al., 1993; Stephanou et al., 1997), and thus
it is unsurprising that cytokines produced during exercise has also been suggested as a
possible inducer of the exercise-induced stress response (Fehrenbach and Niess, 1999;
Liu and Steinacker, 2001). Although there is a moderate increase in the systemic
concentrations of several cytokines, the appearance of interleukin—6 (IL-6) in the
circulation is by far the most pronounced and precedes that of any other cytokine
(Febbraio and Pedersen, 2002). The main sources of IL-6 production in vivo are
stimulated monocytes/macrophages, fibroblasts and vascular endothelial cells (Akira

et al, 1993). The invasion of monocytes into the muscle and the associated
production of cytokines may therefore be responsible, in part, for the exercise-induced
expression of HSPs especially following the damaging exercise protocols reviewed in
section 2.4.1.3 (Thompson et al, 2001, 2002, 2003). In these circumstances, the
controlled and deliberate generation of ROS by phagocytic cells may have also

contributed to the intramuscular expression of HSPs.

It was commonly thought that the cytokine response to exercise was a consequence of
an immune response resulting from exercise-induced muscle damage and that immune

cells were therefore responsible for the exercise-induced increase in plasma IL-6
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(Nieman et al., 1998). Recent data, however, have indicated that the exercise-induced
increase in plasma IL-6 levels occurs in the absence of overt muscle damage (Starkie
et al., 2000, 2001; Febbraio et al, 2003) and that circulating monocytes are not
responsible for the increase in plasma IL-6 levels observed post-exercise (Starkie et
al., 2000). It 1s now well-documented that IL-6 is produced locally in contracting
skeletal muscle (Steensberg et al., 2000; Febbraio and Pedersen, 2002; Pedersen et
al., 2001) and that its release into the circulation is largely responsible for the
exercise-induced increase in plasma IL-6 levels (Steensberg et al.,, 2000). In addition
to its proposed role as a hormone regulating substrate metabolism (Febbraio and
Pedersen, 2002; Pedersen et al., 2001), it has also been suggested that muscle-derived
IL-6 may act as a signalling molecule that is involved in the regulation of various

other cellular processes including activation of the cellular stress response (Febbraio

et al., 2002a).

Febbraio et al. (2002a) demonstrated that the infusion of IL-6 into resting human
skeletal muscle induced a significant increase in HSP72 gene expression in vivo. It
was therefore suggested that elevations in muscle IL-6 production during muscle
contraction may serve as an upstream signal for a stress response. These findings are
based, however, on resting skeletal muscle and hence are not representative of
contrabting skeletal muscle where a further array of alterations in cellular homeostasis
is occurring. Precisely how IL-6 may regulate HSP expression during exercise also
remains to be determined. In line with cell culture studies (Stephanou et al., 1997,
1998), Febbraio and colleagues (2002a) suggested that IL-6 may activate HSP

expression via activation of signal transducer and activator of transcription 3

(STAT3).

Despite the above observation, experimental evidence against a role of IL-6 was
provided by an antioxidant supplementation study in which the increase in HSP72
gene expression In the vastus lateralis immediately following 3 h of 2-legged knee
extensor exercise at 50% of maximal power output was abolished following vitamin C
and E supplementation, whilst having no effect on IL-6 gene expression (Fischer et

al., 2002). These data suggest that cytokine production, at least that of IL-6, is

unlikely to be the dominant signal for activation of the exercise-induced stress

response, particularly during non-damaging aerobic type activites.
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2.5.5 Summary

It is difficult to conclude that exercise induces HSP expression through some unique
pathway. Given the array of ‘cross-talk’ that occurs between signalling pathways in
skeletal muscle (e.g. temperature, ROS formation and carbohydrate depletion etc), it
may be that two or more factors are acting in concert with each other in contributing
to the stress response. Furthermore, the extent to which each of the above stressors
contributes to the exercise-induced expression of HSPs is likely dependent on the
mode, intensity, duration and contractile nature of the exercise stimulus (see Figure
2.6). Following resistance or damaging exercise, the expression of HSP is likely
initiated by mechanically induced damage to muscle proteins. In these cases, the
expression of HSPs may be further augmented in the days post-exercise due to the
inflammatory response and the associated production of ROS. Following endurance
and acrobic type activities, expression of HSPs may be initiated by an increase in
muscle temperature and/or exercise-induced redox signalling. In such circumstances,
heat induced radicals may also contribute to the overall oxidant activity of the cell.

Reductions in carbohydrate availability may also contribute to the production of

HSPs, especially if the exercise is prolonged and is performed in elevated ambient

temperatures.
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2.6 BIOLOGICAL SIGNIFICANCE OF EXERCISE-INDUCED HSP
EXPRESSION

The generic functions of HSPs as molecular chaperones and in providing
cytoprotection were discussed briefly in section 2.2. In the following sections, these
functions are reviewed in more detail with specific relation to the possible biological

roles of the exercise-induced production of HSPs.

2.6.1 Acquired thermotolerance, cross-tolerance and cytoprotection

One of the first implied physiological functions of increased HSP expression was the
phenomenon of acquired thermotolerance in which cells that were subjected to a sub-
lethal heat shock were subsequently protected against normally lethal levels of heat
shock (Landry and Chretin, 1983; Landry et al, 1982; Li and Werb, 1982; Li et al,
1983; Mizzen and Welch, 1988). These initial studies were generally correlative in
nature with no causal link established between induction of HSPs and acquired
thermotolerance. However, more advanced studies involving cellular manipulations
that either block HSP accumulation or over-express certain HSPs provided direct
evidence for the involvement of HSPs as cytoprotective proteins against heat stress
(Angeledis et al., 1991; Johnston and Kucey, 1988; Li et al., 1991; Riabowol et al.,
1988).

The concept of acquired thermotolerance led to the logical suggestion of cross-

tolerance in which cells that display elevated levels of HSPs following stressor A
(which in most cases has been heat stress) are subsequently protected against a non-
related stressor B (Li, 1983). Cross-tolerance has important implications for exercise
whereby the exercise-induced production of HSPs may be an important mechanism
by which exercise can provide protection to cells, tissues and organs against a variety
of stressors and diseases (Locke and Noble, 2002). HSP mediated protection against
a number of stressors is indeed now well documented where a variety of approaches

have been employed to up-regulate pre-stress HSP content.
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For example, with the use of transgenic models (Marber et al, 1995) or pre-
conditioning stresses such as hyperthermia (Currie et al., 1988, 1993; Hutter et al.,
1994) and exercise (Locke et al, 1995; Demirel et al., 1998; Powers et al., 1998,
2001), a large body of evidence demonstrates a role of HSPs (especially HSP70) in
providing myocardial protection from ischemia-reperfusion injury (I-R). Exercise
training can elevate HSP72 approximately 5-fold in the rat myocardium (Powers et

al., 1998) and thus the exercise-induced expression of HSPs 1s now widely considered

as one of multiple mechanisms by which exercise can provide protection to cardiac

tissue from damage (Taylor and Starnes, 2003; Stames, 2002; Powers et al., 2004).

Evidence for a protective role of HSPs against a number of damaging stressors in
skeletal muscle is also emerging. Studies in rodents demonstrated that a prior heat
stress (which resulted in increased muscle content of HSP70) provided significant
protection to mature skeletal muscle against necrosis induced by ischemia-reperfusion
(Garramone et al., 1994; Lepore et al, 2000).  Maglara et al. (2003) also
demonstrated that damage to C,C,» mouse skeletal muscle myotubes induced by
either the calcium inophore A23187 or the mitochondrial uncoupler 2,4-dinitrophenol
(DNP) was significantly reduced by a prior period of hyperthermia, which induced
significant increases in HSP25, HSC70 and HSP70 content. It was therefore
suggested that an increased cellular content of HSPs may provide protection against
the muscle damage that occurs by a pathological increase in intracellular calcium or

uncoupling of the mitochondrial respiratory chain (i.e. exercise).

The protective effect of HSPs to skeletal muscle can also be mediated via the
exercise-induced production of HSPs (F.McArdle et al., 2004). In this study,
hindlimb muscles of mice were subjected to a non-damaging contraction protocol ir
vivo. At 4 and 12 h following contractions muscles were subsequently removed and
subjected to a damaging contraction protocol in vitro. The prior period of non-
damaging stress was demonstrated to significantly protect the EDL and soleus
muscles against the normally damaging in vitro protocol 4 h later. Workers from the
same laboratory have also demonstrated that skeletal muscle of both adult and aged

transgenic mice overexpressing HSP70 display enhanced recovery from damage

induced by lengthening contractions when compared to wild type animals

(A.McArdle et al, 2004). Considering that exercise training can also up-regulate
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basal HSP70 content of skeletal muscle (as reviewed in section 2.4.2), it follows that
the exercise-induced expression of HSPs may therefore be a possible mechanism by
which regular exercise provides protection to exercise-induced damage. Causative
evidence for this hypothesis is provided from a training study in humans whereby the

reduced creatine kinase levels during the progression of training was correlated with
increased muscle HSP70 levels (Liu et al., 1999).

2.6.2 Cellular remodelling, protein turnover and muscular adaptation

Acute and chronic exercise promotes an array of cellular adaptations which serve to
reduce the homeostatic imbalance that occurs during a given exercise stress. This
cellular remodelling process results from increased protein turnover arising from a
delicate balance between protein synthesis and protein degradation. Depending on the
nature of the exercise stimulus, adaptations such as muscle hypertrophy or
mitochondrial biogenesis can occur. Considering the chaperone properties of HSPs, it
is reasonable to assume that an increased cellular content of HSPs play an active role

in facilitating the exercise-induced adaptations of skeletal muscle. This is discussed in

the following sections.
2.6.2.1 Protein repair

Exercise creates an undesirable cellular environment for proteins and they are subject
to attack by oxidation, increased temperature or metabolic acidosis (Goto and Radak,
2005). Proteins can therefore quickly lose their biological activities, gain harmful
function and cause irreversible damage to the cell. The increased content of HSPs
following an acute exercise stress is therefore likely to initially function in regaining
intracellular protein homeostasis by refolding and reactivating misfolded or denatured
proteins (Kilgore et al., 1998). This function is thought to be particularly important in
restoring post-exercise enzyme function (Kilgore et al, 1998) and is also likely
relevant to an unknown number of regulatory and structural proteins. The activity of

several enzymes such as phospholipase A2 (Jatella, 1993), protein kinase C (Ritz et
al., 1993), lactate dehydrogenase (Zietara et al., 1995) and citrate synthase (Locke et

al., 1994) have all been related to HSP70 concentration.  HSP70 can also bind to the
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fast twitch skeletal muscle sarcoplasmic reticulum Ca** ATPase and protect its
function during thermal stress (Tupling et al,, 2004). Given the potential role of
exercise-induced disturbances in activity of this protein pump (Holloway et al., 2005)
and an ensuing disturbance in calcium homeostasis as a cause of fatigue and damage
(Gissel, 2005), it 1s possible that the acute exercise-induced production of HSPs also
function to repair this enzyme’s activity. In this way, the chronic induced elevations
of HSPs during training may therefore reduce exercise-induced muscle damage that is
mediated by calcium signalling pathways. The structural proteins are particularly
susceptible to exercise-induced muscle damage / modification especially when the
exercise 1S unaccustomed or involves lengthening contractions. The observation of

increased HSP27 and HSP70 following lengthening contractions in both humans
(Thompson et al., 2001, 2002) and rodents (Koh and Escobedo, 2004) is therefore
thought to aid in repair of the cytoskeletal proteins which may have been damaged

during contractions.

2.6.2.2 Protein synthesis

Exercise results in the accumulation of specific proteins that ultimately serve to
enhance homeostatic balance during a given exercise challenge. In this regard, it is
reasonable to assume that the exercise-induced production of HSPs plays an important
role in chaperoning these newly synthesised proteins to their correct structure and

intended site of cellular action. Acute exercise causes a shift of HSPs toward

‘affected’ proteins and away from their normal chaperone role in unstressed situations
(Thomason and Menon, 2002). The translocation of HSPs among intracellular pools
and away from nascent polypeptides thereby decreases the polypeptide elongation rate
(Ku et al., 1995; Ku and Thomason, 1994). An increased production of HSPs
following acute exercise may therefore simultaneously function to renature damaged
proteins whilst attempting to maintain the required rate of protein synthesis
(Thomason and Menon, 2002). The training induced increases in muscle HSP content
may therefore have a profound effect on facilitating increased protein synthesis during

training (Thomason and Menon, 2002).
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2.6.2.3 Protein degradation

An exercise-induced production of damaged proteins and their subsequent
accumulation can be potentially harmful to cells. It is therefore essential that
damaged proteins are efficiently degraded and resynthesised so as to maintain normal
cellular function (Reid, 2005). The process of protein degradation is therefore
considered as equally important as transcription and translation (Goto and Radak,
2005). Degradation of damaged proteins is facilitated by the proteasome system, of
which HSP70 and ubiquitin play crucial roles. For example, if repeated attempts at
refolding have failed, HSP70 and co-chaperones (e.g. HSP40) present the damaged
proteins to the proteasome system for degradation (Goldberg, 2003). Many of these
proteins are subsequently marked with ubiquitin and are thereby targeted for
degradation by the 26S proteasome (Glickman and Ciechanover, 2001). The
observed increases in ubiquitin conjugates (Thompson and Scordilis, 1994; Stupka et
al,, 2001), ubiquitin (Thompson and Scordilis, 1994; Willoughby et al., 2000) and
HSP70 (see section 2.4) levels of human muscle following a variety of exercise
protocols are therefore thought to facilitate the targeting and removal of damaged and
denatured proteins (Reid, 2005).

2.6.2.4 Muscle hypertrophy / fibre transition

Muscle fibre hypertrophy (an increase in cell size) functions to increase the force
generating capacity of the muscle and is a particularly important adaptation after
sprint or resistance type training (Maughan et al, 1997). Given the enhanced
myofibrillar protein synthesis that occurs with such training and the chaperone
properties of HSPs, it is feasible that exercise-induced increases in HSPs also play an

active role in the process of hypertrophy. Increased levels of HSP70 have indeed
been observed in hypertrophying animal (Kilgore et al,, 1994; Locke et al, 1994;
O’Neill et al, 2006) and human (Liu et al, 2003; Brkic et al., 2004) skeletal muscle

compared with non-hypertrophied control skeletal muscle.

It is difficult to ascertain the role of the exercise-induced increase of HSPs in

facilitating hypertrophy, however, as much of the above data is based on laboratory
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models of hypertrophy. In these situations, compensatory overload of plantaris
muscle (via surgical removal of the gastronemius and soleus) results in significant
hypertrophy and a change in predominant phenotype towards slower fibre types that is
also accompanied by increased HSP70 levels (Kilgore et al., 1994; Locke et al., 1994;
O’Neill et al.,2006). O’Neill et al. (2006) recently demonstrated that hypertrophy of
overloaded plantaris muscle still occurred despite blocking changes in fibre phenotype
and the associated increases in HSP70 content, via thyroid hormone treatment. These

data therefore suggest that significant hypertrophy can occur in the absence of
increased HSP70.

Given that slower muscle phenotypes therefore appear critical for constitutive HSP70
expression, it i1s possible that much of the reported increases in HSP70 content of
hypertrophied muscle simply reflect a general switch from fast to slow phenotypes.
Indeed, Locke et al. (1994) demonstrated that when soleus muscle underwent fibre
type profile shifts from type I to type II fibres (induced by treatment of 3.5.3’-triiodo-
DL-thyronine), a decrease In HSP72 levels were observed. Future work should
therefore examine muscle HSP levels in naturally occurring models of hypertrophy,
particularly those of fast twitch fibres as such fibres are particularly sensitive to
hypertrophy during resistance training (Maughan et al,, 1997). Nevertheless, the
above data appear to demonstrate an essential role of HSP70 in muscle fibre transition
from fast to slow type fibres, possibly to facilitate the increased rate of protein

turnover inherent of these fibres (Obinata ez al., 1981).

2.6.2.5 Muscle atrophy

There are also reports that HSPs may play a role in the process of muscle atrophy (Ku
et al., 1995; Naito et al., 2000; Selsby and Dodd, 2005). The initial loss of muscle
protein during atrophy is primarily due to a decrease in the rate of protein synthesis
whereas subsequent atrophy occurs by an increased rate of protein degradation
(Thomason et al., 1990). Naito et al. (2000) demonstrated that a prior period of
whole body hyperthermia 24 h prior to 8 days of hindlimb unweighting significantly

reduced the rate of disuse muscle atrophy in the soleus muscle of rodents. These

authors suggested that the heat-induced expression of HSP72 in the soleus muscle
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may have maintained protein synthesis by sustaining polypeptide elongation rate.
Alternatively, the increased content of HSP72 following heat stress may have reduced
the rate of proteolysis during unweighting by repairing the oxidative injury to muscle
proteins that is now well documented during periods of disuse (Kondo and Itokawa,
1994; Lawler et al., 2003; Powers et al., 2005; Lawler et al,, 2006). Indeed, the
addition of heat stress during an 8 day period of limb immobilization (which up-
regulated HSP25 and HSP70) significantly attenuated the oxidative stress and atrophy
of rodent soleus muscle, an effect attributed to the increased HSP mediated protection

against oxidative injury (Selsby and Dodd, 2005).

Muscle atrophy is a well-documented feature of the ageing process (i.e. sarcopenia)
and has been suggested to be due to increased oxidative stress (Powers et al., 2005)
and an accelerated rate of apoptosis in aged muscle (Dirks and Leeuwenburg, 2005).
Ageing 1s associated with an attenuated ability to express HSPs following stress

(Vasilaki et al., 2002) and this lack of an ability to mount a stress response is thought
to play a major role in the age related functional deficit that occurs in the skeletal
muscle of elderly humans (Vasilaki et al., 2002). Indeed, A.McArdle et al. (2004)
demonstrated that lifelong overexpression of HSP70 in the skeletal muscle of
transgenic mice provided protection against the fall in specific force associated with
ageing. Overexpression of HSP70 also facilitated rapid and successful regeneration

of muscles following contraction-induced damage.

The above data therefore suggest that therapy designed to maintain the stress response
during normal ageing could impact considerably on the quality of life of the elderly.
In this regard, it is tempting to speculate that life long physical activity may prove
useful as an appropriate therapeutic intervention. Recent data has demonstrated that
the maintenance of physical activity during ageing can preserve the ability of
leukocytes from aged individuals to produce HSP72 following an exercise stress
(Simar et al, 2004). It remains to be demonstrated, however, whether life long
exercise can maintain the ability of skeletal muscle to produce a stress response.
Naito et al. (2001) demonstrated that 10 weeks of exercise training in aged rodents

induces HSP72 synthesis in highly oxidative skeletal muscles although this response

is blunted in fast glycolytic muscles. This lack of an HSP response in fast twitch
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muscles may therefore, in part, explain the apparent predominance of atrophy of type

II fibres during the ageing process (Young et al., 1984, 1985).

2.6.2.6 Mitochondrial biogenesis

Endurance training or chronic stimulation of skeletal muscle stimulates mitochondrial
biogenesis, increasing the overall number and volume of the organelle (Hood et al.,
2001). Mitochondria are never formed from de novo synthesis and the number and
size of the organelle increases through the growth and division of existing
mitochondria. Crucial to this process, is the increased transcription and translation of
nuclear DNA encoded proteins and their subsequent import into the mitochondria.
Efficient transport and import of such proteins requires a well-developed protein
transport system of which cytoplasmic HSP70, mitochondrial HSP70 (mtHSP70 or
GRP75) and HSP60 plays an integral role (Hood et al., 2000). Precursor proteins
made in the cytoplasm are chaperoned to the mitochondrial import machinery by
HSP70. The matrix chaperone mtHSP70 ‘pulls’ in the precursor across the inner
membrane in an ATP dependent fashion (Koehler, 2000). Following the cleaving of
the mitochondria-targeting signal sequences, the mature protein is refolded into its 3-

dimensional structure by HSP60 and chaperonin 10 (Manning-Krieg er al.,, 1991).

Given the essential roles of the above HSPs in facilitating biogenesis of mitochondria,
it follows that the increased production of HSPs during repeated bouts of exercise (1.e.
exercise training) may mediate exercise-induced mitochondrial biogenesis. Indeed,
low frequency chronic stimulation of skeletal muscle ranging from 5 to 14 days elicits
an increased protein content of HSP60 and mtHSP70 (Ormnatsky et al, 1995;
Takahashi et al., 1998; Gordon et al., 2001), which was accompanied by accelerated
rates of precursor import into the mitochondrial matrix (Gordon et al, 2001). The
more physiological stress of treadmill training has also been shown to increase HSP60
and mtHSP70 content of rodent muscle (Mattson et al,, 2000). The influence of
training status on HSP60 content of human skeletal muscle, however, remains

unclear.
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2.6.3 Regulators of apoptosis

The cytoprotective properties of HSPs is largely considered attributable to their
chaperone function where they operate by binding to misfolded and unfolded proteins
and facilitate their refolding when cellular conditions become more favourable
(Broome, 2003). However, HSPs are potent regulators of apoptosis (Takayama et al.,
2003) and thus 1t 1s feasible that HSPs may also exert their protective influences by

promoting ‘survival’ pathways whilst simultaneously down-regulating ‘death’
pathways (Beere, 2005).

The increased expression of HSPs following acute and chronic exercise may therefore
also play an important role as regulators of exercise-induced apoptosis via their
interaction with intracellular signalling cascades, particularly the mitogen activated
protein kinase (MAPK) family. The MAPK signalling cascade is a ubiquitously
expressed intracellular network of phosphorylation cascades that link cellular changes
in stress to changes in transcriptional activity (Chau Long et al, 2004). Several
members of the MAPK family, including the c-Jun NH; terminal kinase (JNK) and
p38 stress kinase, have been shown to be phosphorylated in human skeletal muscle
following cycling exercise (Widegren et al.,, 1998), marathon running (Boppart et al.,
2000) and resistance exercise (Thompson et al.,, 2003). Damaging or unaccustomed
exercise may lead to exercise-induced apoptosis whereby the activation of JNK and
the associated leakage of cytochrome C from the mitochondria into the cytosol is
believed to be one of the key precipitating steps (Phaneut and Leeuwenburgh, 2001).
Several members of the HSP family, particularly HSP27 and HSP70, can modulate

cell signalling at several sites and thus it can be postulated that HSPs may also exert
their protective influence by suppression of the apoptotic pathway in addition to their
more established role as molecular chaperones (Gabai and Sherman, 2002). It has
therefore been suggested that whether the muscle cell undergoes repair or apoptosis
following exercise may ultimately depend on the availability of HSPs to stabilize and
chaperone denatured proteins while simultaneously suppressing key stages of the

apoptotic pathway (Noble, 2002).
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Considering the ability of exercise training to up-regulate HSP expression in both
cardiac and skeletal muscle, it is possible that training-induced increases in HSP
content play an important role in down-regulating apoptosis. This is of particular
Interest for aged muscle where an increased rate of apoptosis is thought to be a
possible contributor of sarcopenia (Dirks and Leecuwenburgh, 2005). The effects of
exercise training on muscle apoptosis are now beginning to be investigated. Recent
data demonstrated that periods of aerobic treadmill training in rats increased the Bcl-
2/Bax ratio of soleus muscle whilst increasing HSP70 expression, thereby promoting
a clear decrease in the rate of apoptosis occurring from the mitochondrial pathway
(Stu et al., 2004). Exercise training can also induce protective effects against elevated
apoptosis in the aged rodent heart (Kwak et al, 2006). Together, these data suggest
that life long physical activity may reduce the loss of skeletal and cardiac myocytes
via an up-regulation of HSPs and a simultancous down-regulation of apoptotic

protelns.

2.6.4 Summary

HSPs are now thought to perform a variety of physiological, pathophysiological and
functional roles within the cell. In relation to exercise, the increased production of
HSPs likely function to facilitate cellular repair, promote remodelling and to provide
cytoprotection against further insults. With the advancement of cellular and
molecular techniques, it is likely that the list of known functions of HSPs will
continue to grow. The precise biological roles that these proteins play in relation to

exercise will also likely be soon understood.
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2.7 SUMMARY AND CONCLUSIONS

From their original role as molecular chaperones, it is apparent that the study of HSPs
has significantly advanced in recent years. The addition of exercise to the list of
known inducers of HSPs has opened a new field of investigation. In this regard, the
exercise-induced accumulation of HSPs likely functions to restore cellular
homeostasis, provide cytoprotection against related and non-related stressors and also
facilitate important cellular remodelling processes. However, despite over a decade
of research, there are many fundamental questions that remain unanswered. This is
particularly the case in relation to human tissue where data is minimal and
inconclusive. For example, the response of the major HSP families remains to be
simultaneously examined following an acute exercise stress. As such, it is possible
that specific HSPs may be differentially up-regulated according to particular
characteristics of the exercise protocol. The precise stressor or stressors that is
responsible for inducing an increased production of HSPs following exercise also
remains to be defined. Furthermore, the relative contribution of possible signals or
stresses may also vary according to the nature of the exercise stress. The influence of
exercise training on basal muscle HSP levels and on the magnitude of the exercise-
induced production of HSPs also remains undefined. Clearly, the area of HSPs,
muscle and exercise is at an exciting stage and it 1s hoped that these questions will be

answered in the experimental studies undertaken in the present thesis.
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Chapter 3

General Methodology




3.1 GENERAL METHODOLOGY

Many of the methods undertaken in this thesis are replicated throughout Studies 1-5.
For brevity, these methods have therefore been detailed in the following Chapter with

reference to this section made in each of the experimental Chapters, where

appropriate.

3.1.1 Location of Testing and Ethical Approval.

All of the experimental protocols and related procedures undertaken were conducted
in the Exercise Physiology Laboratories of the Research Institute for Sport and
Exercise Sciences. All of the biochemical procedures were performed in the School
of Clinical Sciences at the University of Liverpool. All of the experimental protocols
and related procedures were approved by the Ethical Committee of Liverpool John

Moores University.

3.1.2 Subjects.

All of the subjects who volunteered to participate 1n each study were young healthy

untrained, recreationally active or aerobically trained males. Subjects were classified

as untrained, active or trained according to their VOamax (see section 3.3), lactate
threshold (see section 3.4) and number of hours involved in physical activity per week

(American College of Sports Medicine, 1998). A comparison of subjects’ physical

and physiological characteristics i1s shown in Table 3.1. There was a significant

difference (P<0.05) between groups in VO,max, lactate threshold (both % of VO)2ax
and running speed at lactate threshold) and number of hours involved in physical

activity, which was present between all pair-wise comparisons.

All subjects gave written informed consent to participate after details and procedures
of the study had been fully explained. Subjects refrained from exercise throughout

the course of each study and from alcohol and caffeine intake for at least 24 h prior to
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any of the testing or muscle biopsy sessions. All subjects were non-smokers, had no
history of neurological disease or musculoskeletal abnormality and none were under
any special pharmacological treatment during the course of the study. Participation

was entirely voluntary and subjects were free to withdraw from the study at any time.

Table 3.1 — Physical and physiological characteristics of the untrained, active and trained
subjects who participated in the experimental studies (mean * SD).

UNTRAINED ACTIVE TRAINED
Age (years) 29+6 24 +3 27+6
Height (m) 1.76 + 0.05 1.79 + 0.05 1.76 £ 0.04
Weight (kg) 78.1 £ 15.5 77.8.1+7.3 75.1 £6.8
VO,,.., (ml.kg" .min™") 489+29 * 56.4+ 39 * 653+49 *
LT (% of VO,ax) 64.5+19 * 70.5+2.7 * 763+23 *
Running speed @ LT (km.h™") 904+ * 11.5+ 0.6 * 13.8+04 *
Hours of activity per week 0.7+£08 * 24107 * 78+1.1 *

* denotes significant difference between all pair-wise comparisons, P<0.05
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3.1.3 Anthropometry

Subjects’ height was measured whilst standing in the Frankfurt plane using a
stadiometer (Seca, Birmingham, U.K). Subjects’ body mass was recorded, whilst

nude, using precision calibrated weighing scales (Seca, Birmingham, U.K).

3.1.4 Exercise and Heating Protocols

Each exercise related study involved treadmil