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SUMMARY
Oestrogen is believed to be a potent antioxidant, with potential membrane stabilising
and gene regulatory effects. Oestrogen has been shown to be an effective
cardioprotectant, with for example a lower incidence of atherosclerosis in pre
menopausal females compared to age-matched males and in post menopausal
females on hormone replacement therapy compared to age-matched males. What has
yet to be determined is the extent to which oestrogen can protect skeletal muscle. It
has been shown that certain markers of exercise-induced muscle damage (EIMD) are
lower in females in both animal and human studies, but as yet no conclusive
evidence from human studies has shown that oestrogen provides a protective
mechanism against EIMD or whether susceptibility to EIMD varies across the
normal menstrual cycle, where oestrogen fluctuations are high. Furthermore, 1f
oestrogen provides a protective mechanism against EIMD, it is unknown at which
phase during the muscle damage and repair cycle this occurs. It is also debatable if
the potential inhibitory effects that oestrogen has on the inflammatory response, with

regard to repair and regeneration of the skeletal muscle are positive or negative.

The thesis is comprised of a critical review of the nature of EIMD and the potential
effects that oestrogen has on the muscle damage and repair cycle. This is followed by

three empirical studies which were designed to explore this question. These are

outlined below:

Study 1
Study one was in two parts. The first part of this study aimed at determining if the

phase of the menstrual cycle, could in anyway affect eumennorheic (normally



menstruating) females in their susceptibility to exercise-induced muscle damage. An
eccentric exercise procedure (elbow flexor muscle group) was performed on a
randomly assigned arm during either the menses or ovulatory phase of the menstrual

cycle. The contra-lateral limb underwent the same procedure during the alternate
phase (random assignment determined in which phase the participant was first
damaged). Simple markers of EIMD were assessed at baseline and every 24 h up to
three days post exercise, during both phases. No significant differences were seen in
any markers of EIMD across phases of the menstrual cycle.

The second part of this study investigated whether prolonged ingestion of exogenous
oestrogen, in the form of the combined oral contraceptive pill attenuated any of the
symptoms associated with EIMD. The only symptom to show a significant

interaction between groups was perceived soreness, with the pill users reporting
significantly (P<0.01) less soreness than the eumennorheic females in the days

following the exercise protocol. This suggested that oestrogen may modulate the pain

associated with EIMD.

Study 2

The second study focussed on gender differences in exercise-induced muscle
damage, with particular focus on the secondary symptoms and events which occur
following EIMD. Male and female participants performed a bout of eccentrically
biased exercise. Markers of both EIMD and inflammation were taken prior to the
eccentric exercise and across a 7-day follow up period. Gender differences in the
response to EIMD were seen in creatine kinase activity and mid-thigh circumference,
with males showing a larger response on both vartables. In addition to this, males

reported significantly less soreness than females following the exercise protocol.



Interestingly, with the exception of neutrophil elastase release, there were no
differences in other markers of inflammation between men and women. Total
elastase concentration, a marker of neutrophil activation, did not differ between
genders. However, elastase release per neutrophil was significantly lower in females,

which may be indicative of gender differences in the inflammatory response

associated with EIMD.

Study 3

With the recognition that oestrogen could potentially reduce or inhibit the
inflammatory response the third and final study investigated whether female skeletal
muscle was more susceptible to exercise-induced muscle damage after a second bout
of eccentric exercise, due to poor regeneration and repair following the initial bout.
Males and females performed a bout of eccentrically biased exercise. Markers of
EIMD included creatine kinase, soreness, isometric strength and isokinetic strength
assessment. The procedure was then repeated two weeks later to determine if gender
differences existed in terms of the repeated bout effect associated with EIMD. Only
one variable showed a gender X time x bout interaction (P<0.05), that was the fatigue
index. It was shown that following the initial bout of damage, males and females
responded very differently, with female muscle being less fatiguable in the 48 h
following damage compared to the males, but with both groups responding very
similarly in the repeated bout. This may be due to differences in gender and their

response to EIMD, or due to differences in fibre type between genders.
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Section 1
1.1 Exercise-induced muscle damage
It is well documented that strenuous and repeated eccentric contractions are

associated with exercise-induced muscle damage and delayed onset muscle soreness
(DOMS) (Newham et al., 1983; Armstrong, 1984; Clarkson & Newham, 1994).This
occurs in both recreational and elite athletes. With elite athletes, these responses are
often related to relatively sudden increases in the volume or intensity of training, or
following prolonged rest or injury (Pyne, 1994). For sedentary individuals, a single
episode of exercise involving eccentric muscular contractions may produce

significant muscle soreness and damage (Pyne, 1994).

The muscle’s ability to resist force is approximately 30% greater during a maximal
voluntary eccentric contraction than its ability to exert force during a concentric

contraction (Wilmore & Costill, 1994). Although current research is inconclusive,
several studies have advocated the importance of including the eccentric phase of
muscle action, in addition to the concentric phase, to maximise gains in strength and
size ( Hortobagyi et al., 1996; Lastayo et al., 1999). It is therefore considered to be an

important inclusion in strength training programimes.

During eccentric contractions the length of the muscle increases whilst the muscle
itself attempts to contract. Compared to concentric contractions, the mechanical
strain per muscle fibre is higher, as fewer fibres are recruited (Enoka, 1996; Bir et
al., 1997). This ‘loading profile’ places a high stress on the tissues involved and is
most likely a primary factor of muscle damage (Enoka, 1996). During shortening

contractions, work is done by the muscle, but during eccentric contraction, work is



done on the muscle by the external lengthening forces (Clarkson & Newham, 1994).
As eccentric muscle actions occur frequently in everyday life and during sporting
activities, exercise-induced muscle damage 1S a common experience to most

individuals.

Eccentric contractions can cause severe morphological changes in the muscle fibres
(McComas, 1996). According to the sliding filament theory, myosin cross-bridges
make repeated connections with actin filaments throughout the duration of the active
state of the muscle fibre. However, during eccentric contractions, instead of the actin
filament being propelled toward the centre of the myosin filament they are pulled in

opposite directions by the external forces acting on the muscle (McComas, 1996).

The injury can involve primary and secondary sarcolemmal disruption, swelling or

disruption of the sarcotubular system, disruption of the myofibre contractile
components, cytoskeletal damage and extracellular myofibre matrix abnormalities
(Friden & Lieber, 1992). High-tension, eccentric contractions are thought to stretch
or break the intermediate filaments between the z disks, additionally disrupting the

double/intermediate filament z disk ring (Friden & Lieber, 1992).

The symptoms of exercise-induced muscle damage include: soreness (Talag, 1973;
Howell et al., 1993; Clarkson & Newham, 1994); increase in volume of limb with
injured muscle (Talag, 1973); increase in circumference of limb with injured muscle
(Cleak & Eston, 1992a; Howell et al., 1993; Eston & Peters, 1999); decrease in
resting limb angle (Talag, 1973; Cleak & Eston, 1992a; Howell et al., 1993; Eston &

Peters, 1999); decrease in range of motion of the affected limb (Yackzan et al., 1984;



Cleak & Eston, 1992a; Clarkson & Newham, 1994); decrease in muscular strength
(Talag, 1973; Clarkson & Newham, 1994; Eston et al., 1996); decrease in muscular
power (Byrne & Eston, 2002 a,b) swelling and structural damage (Clarkson &
Newham, 1994); leakage of myofibre proteins into the blood, the most commonly
measured being creatine kinase (CK) (Jones et al., 1986; Clarkson et al., 1992:
Clarkson & Newham, 1994; Child et al., 1998). However, the relationship between
CK and muscle damage is poorly understood and disputed. For example, the
temporal pattern of CK appears to vary depending upon the method of inducing the
damage, the severity of the damage and the size of the muscle group involved. For
example, peak CK concentrations have been shown to vary from 24 hours post
exercise following a squatting protocol (Byrne & Eston, 2002b) to 4 days post
exercise following an electrically stimulated eccentric elbow flexion protocol

(Nosaka et al., 2002) to 7 days post exercise following an isokinetic leg exercise

protocol (Byrne et al., 2001).

The most frequently reported symptom of muscle damage is delayed-onset muscle
soreness. T'he soreness associated with this type of activity appears between eight
and twenty-four hours following the damaging exercise and peaks between twenty-

four and forty-eight hours later, but can remain for up to seven days (Cleak & Eston,

1992b; Howell et al., 1993; Nosaka & Clarkson, 1995).

The sensation of pain in skeletal muscle is transmitted by myelinated group III and
unmyelinated group IV afferent fibres (Armstrong, 1984; Bir et al., 1997). The
myelinated group III fibres are believed to transmit sharp pain, where as the

unmyelinated transmit dull aching pain (Armstrong, 1984; Jones & Round, 1990),



which is more commonly associated with delayed-onset muscle soreness and muscle
damage. The mechanism for this discomfort is poorly understood. It is believed that
the pain afferents may be sensitised by chemicals released during the muscle damage
and repair cycle (Armstrong, 1984; Bir et al., 1997), which include prostaglandin,
bradykinin, serotonin, histamine and potassium (Armstrong, 1984; Bir et al., 1997).
Alternative explanations include inflammation of the connective tissue, which may
sensitise mechanoreceptors, responding when the muscle is stretched or pressed
(Jones and Round, 1990). As explained by Jones and Round (1990) there is a
sensation of mechanical stiffness which gives rise to the feeling that the muscle has
become shorter. They observed that the stiffness and contracture which follows
eccentric damage to the elbow flexors is electrically silent. This implies that the
fibres themselves are not contracting, and some other structure must be responsible.
It is expected that the likely explanation for this shortening is due to shortening of the

connective tissue arranged 1n parallel with the muscle fibres (Jones & Round, 1990).

1.2 Model of muscle damage

An 1ntegrated model of muscle damage has been proposed by Armstrong (1990)
which defines four stages: 1) initial events 2) autogenic processes 3) phagocytic
stage and 4) regenerative phase. The processes involved in muscle damage shall be
discussed further using this model as a basis. It should be made clear that while
muscle damage can be divided up into these separate processes, they overlap
enormously, and the exact nature of the muscle damage, the mechanisms responsible
and processes involved are not fully understood. Before dividing the processes up
according to the above model, reactive oxygen species (ROS) will be discussed

separately, particularly as these may play a role in the process of muscle damage.
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Furthermore, there are important hypothetical mechanisms for the role of oestrogen

in preventing the potential destructive activities of these reactive species.

1.2.1 Free radicals and muscle damage
A common feature throughout the muscle damage and repair cycle is the production
of free radicals. It 1s recognised that there are a number of potential sites for the

production of free radicals (McArdle & Jackson, 1997), across all stages of the

theoretical model.

Free radicals are molecules or molecule fragments containing an unpaired electron in
their outer valence shell (Jenkins, 1988). The unpaired electron is usually extremely
exchangeable, which is the chemical and physical reason for the reactivity of radical
species (Karlsson, 1997). They have a potent oxidising effect which is the basis for

its destructive effect against lipids, proteins, nucleic acid and the extracellular matrix
(Niess et al., 1999).

McArdle and Jackson (1997) explained that free radicals can be generated through
the mitochondrial electron transport system (Boveris & Chance, 1973), membrane
bound oxidases (Crane et al., 1985) and infiltrating phagocytic cells (Font et al,,
1977). It is known that inflammatory events involve the generation of free radicals
via NADPH and myeloperoxidase (Hellsten et al., 1997; Tiidus, 1998). More recent
evidence suggests that superoxide radicals are also of importance in neutrophil

attraction and neutrophil adherence to the endothelium (Hellsten et al., 1997).

Free radicals can cause damage by lipid peroxidation of unsaturated fatty acids in the

muscle membrane (Hellsten et al., 1997). They can also cause oxidative damage to
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DNA and proteins (Halliwell & Gutteridge, 1985; McArdle & Jackson, 1997). It is
suggested that as well as playing a role in direct tissue damage, the generation of
reactive oxygen species (ROS) may also amplify the body’s general inflammatory
response and promote further cell injury, for example through up-regulation of pro-

inflammatory cytokines (Best et al., 1999).

Oxygen radicals generated via the neutrophil respiratory burst are vital in clearing
away muscle tissue that has been damaged by exercise and may also be responsible
for propagation of further damage (Tiidus, 1998). There is abundant evidence for the
involvement of neutrophil-generated ROS in the inflammatory response of tissues to
various types of injury (Tiidus, 1998) and growing evidence of their involvement in
post-exercise muscle inflammatory response and damage (Pyne, 1994; Eston et al.,

1996b). However, the results from one recent study infer that the effect of neutrophil-

generated ROS activity may not be a significant factor in the muscle damage and
repair cycle, with neutropenic rats showing the same time course of muscle damage

to non-neutropenic controls (Lowe et al., 1995).

Since eccentric exercise requires less oxygen consumption than equivalent concentric
exercise (Lastayo et al., 1999), yet induces significantly greater damage, it is unlikely
that oxygen free radicals are always the primary cause of exercise-induced muscle
damage. Nevertheless, exercise-induced muscle damage, is characterised by
neutrophil and macrophage infiltration into muscle and a subsequent inflammatory

and repair process (Tiidus, 1998), which is promoted by free radical activity.
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It is not possible to place the generation of free radicals within a certain phase of the
muscle damage and repair cycle, as it appears to be a very important factor

throughout and will be discussed further throughout this review.

1.2.2 Initial stimulus of damage

The initial events are thought to occur either via mechanical stress or metabolic stress
(Armstrong, 1990; Byrd, 1992; Pyne, 1994). In terms of mechanical stress, high
tension or a tension imbalance (Friden & Lieber, 1992; Armstrong et al., 1991;
Lieber & Friden, 1993) (associated with eccentric contractions) can disrupt the
sarcolemma (resulting in calcium entry), the sarcoplasmic reticulum (resulting in
impaired calcium sequestration) and myofibrillar structures (Armstrong, 1990).
Metabolic events include high temperature, lowered pH, insufficient mitochondrial
respiration and oxygen free radical production (Armstrong, 1990). A number of
paradigms, including rhythmic exercise and repeated eccentric muscle activity have

related reactive oxygen species production to muscle inflammation and injury (Best

et al., 1999),

Oxygen-free radicals are produced in tissue which is highly metabolically active.
These substances can cause irreversible damage to many cellular constituents (Byrd,
1992). Oxidation of the sulfhydryl groups of the ATPase pump by free radicals, is
highly related with a reduction in the rate of Ca’t uptake by the sarcoplasmic

reticulum (Byrd, 1992) resulting 1n a loss of Ca®" homeostasis.
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A reduction in local ATP and/or a reduction in the free energy from hydrolysis of
ATP due to increased ADP could reduce the rate of ATP splitting and slow Ca**

pumping by the sarcoplasmic reticulum pump (Byrd, 1992).

The increase in hydrogen ions (decrease in pH) which occurs during strenuous
exercise, has a profound effect on the ability of the sarcoplasmic reticulum to take up
Ca®". This has been attributed to the H" and Ca®* ions competing for the Ca®* binding

site on the ATPase pump (Byrd, 1992).

Temperature increases to above 38°C have also been shown to uncouple the Ca**
stimulated ATPase activity from Ca®* transport by the sarcoplasmic reticulum (Byrd,
1992). High temperatures, similar to those obtained during fatiguing exercise, may

alter the fluidity of the lipid membrane surrounding the ATPase pump and somehow

impair its ability to sequester Ca** (Byrd, 1992).

Metabolic and mechanical stress from exercise may occur separately or
simultaneously. The contribution to muscle damage depends on the exact nature of
the physical activity undertaken (Pyne, 1994), that is, whether it is eccentric in nature
and involving a relatively low metabolic demand, or a sustained highly metabolic

activity.

1.2.3 Autogenic processes
The common factor that emerges in the initial phase of exercise-induced muscle

damage is the loss of Ca”" homeostasis. Regardless of the initiating stimulus, it
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would appear that there follows a rapid activation of autogenic destructive processes

that originate in the muscle fibres (Armstrong, 1990).

1.2.3.1 Role of calcium

The mechanisms underlying this phase of the injury and repair process are not
known, although the loss of intracellular Ca“* homeostasis could play a primary role
(Armstrong, 1990). Empirical evidence supports the theory that Ca”* release from the

sarcoplasmic reticulum is an important factor in exercise-induced muscle damage.

Experimental work has demonstrated that an increase in intracellular calcium content

causes damage to the myofilaments of skeletal muscle (Duncan, 1978; McArdle &
Jackson, 1997). Studies which have inhibited the flux of Ca®* across the
sarcoplasmic reticulum, following an exercise protocol in rats, have demonstrated a

decrease in damage (Amelink et al., 1990; Byrd, 1992). It has also been postulated
that elevated Ca®" appears to cause a release of muscle enzymes through activation of
phospholipase Aj;, which in turn may induce Injury to sarcolemma through
production of leukotrienes and prostaglandins through free oxygen radical formation
and/or through release of detergent-like lysophospholipids (Armstrong, 1990). This
in turn, will affect the fluidity of the membrane resulting in a “leaky” membrane, loss
of intracellular enzymes and an efflux of lysosomal enzymes (Jenkins, 19838). It 1is
also believed that Ca” stimulates proteases (calpains) that are thought to act directly

on the proteins in cell membranes, and proteases that act specifically on the z lines

(Byrd, 1992; Clarkson & Sayers, 1999).
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Low Ca** is necessary for cell function, whereas high Ca** has long been associated
with cell dysfunction and cell death. The sudden increase in Ca** is regarded as an

important step in the cascade of events that result in cellular damage following
exercise (Byrd, 1992). Calcium overload results in ultrastructural changes in the
muscle cell, including swollen and disrupted mitochondria, dilated t-tubules and

sarcoplasmic reticulum, general cellular oedema, and disruption of the myofilaments

(Byrd, 1992).

Processes proposed to explain how muscle could be damaged following an elevation
of intramuscular calcium content, include: stimulation of calcium-activated

proteases; activation of lysosomal proteases; mitochondrial overload; and activation
of lipolytic enzymes. The two most important processes appear to be the activation
of lipolytic enzymes and calcium-activated proteases, calpain (McArdle & Jackson,
1997). A calpain hypothesis was proposed by Belcastro et al. (1998), who provided

evidence for the importance of this protease in the muscle damage and repair cycle.

In addition to the cascade of autogenic processes that follow a loss of Ca*
homeostasis, elevated Ca** has also been associated with a disruption of the

excitation-contraction coupling process (Ingalls et al., 1998). This in turn has been
related to the reduction of maximal isometric titanic force associated with eccentric

exercise (Ingalls et al., 1998).

In summary, the loss of calcium homeostasis following the mechanical/metabolic

insult may activate phospholipases and proteases. The free fatty acids liberated will
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in turn have a detergent effect on the cell membrane and may be vulnerable to free

radical attack.

The processes that follow the 1nitial events can eventually lead to complete repair of
the damaged muscle but rely upon the activities of non-muscle cells (Tidball, 1995).
A rnise 1n free cytolsolic calcium may also be related, independently to the activation
of the respiratory burst in phagocytic cells (Pyne, 1994). This phenomena suggests
links between the mechanisms involved in the early stages of exercise-induced tissue

damage and the activation of cells involved in non-specific immune responses (Pyne,

1994).

1.2.3.2 Calpain

While loss of Ca®" homeostasis has been suggested as a primary factor in producing
muscle damage, Belcastro et al. (1998) proposed a calpain hypothesis of exercise-
induced muscle damage. As explained previously, it is believed that Ca** stimulates
proteases, such as calpain, which directly act upon proteins within the muscle.
Belcastro et al. (1998) reported that this non-lysosomal protease contributes to the
mmitiation of immediate protein degradation whereas lysosomal proteases from
extracellular sources (monocytes and macrophages) play a primary role in protein

turnover several days after exercise.

The 1soenzymes of calpain are typically localised throughout the muscle cell in the I
and Z band regions (Belcastro et al., 1998). It is hypothesised that when calpain is
activated, selective proteolysis of various contractile, metabolic and structural

elements occurs. It is also believed that calpain or the resultant peptide fragments
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may be associated with the neutrophil chemotaxis reported to occur during or
immediately following exercise (Belcastro et al., 1998), thus, aiding the

inflammatory response and repair.

1.2.4 Inflammatory and immune response to muscle damage

Tissue damage and infection both initiate a coordinated sequence of events that are
collectively known as the acute phase response (Evans & Cannon, 1991). These
events initially facilitate antibacterial and anti-viral responses betore promoting the
clearance of debris and tissue fragments. This leads into the regenerative phase with

growth and repair of tissues and restoration of normal function (Pyne, 1994).

Inflammation is characterised by the movement of fluid, plasma proteins and
leukocytes into the tissue in response to injuries, infections or antigens (Maclntyre et

al., 1995). Signalling occurs between the injured muscle cells and the mononucleated
cells that subsequently appear at the site of injury (Tidball, 1995). At least two cell
populations respond to muscle injury; inflammatory cells involved in the removal of
cellular debris and myogenic cells involved in replacement of the damaged muscle
(Tidball, 1995). Infiltration of these cells into the muscle is orchestrated by specific

cytokines (Pyne, 1994).

1.2.4.1 Cytokines

Cytokines are small polypeptides that are considered to be an important link between
the immunological and neuroendocrinal systems involved in inflammation, fever,
chemotaxis, the acute phase response and tumour regression (Pyne, 1994; MacIntyre

et al., 1995). Host defense cytokines are produced by circulating and tissue resident
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leukocytes as well as other cells (Bagby et al. 1996). It is believed that a small group
of cytokines, including interleukin 1 (IL-1), interferon, IL-2, IL-6 and tumour
necrosis factor a (TNFa), are the principle mediators of inflammation (Imura et al.,
1991). Interleukin-1 i1s expected to have broad and important influences in muscle
inflammation, as well as possible roles in stimulating protease synthesis (Tidball,
1995). TNFa and Il-1 have overlapping mechanisms within the body and have been
shown to increase leukocyte adhesion, priming leukocyte function and causing
macrophage activation (MacIntyre et al., 1995). In addition, IL-1 is believed to
induce the expression of many other cytokines including 1L-2, II.-3, IL.-6, TNFa and
interferons (Tidball, 1995). Exercise and muscle injury have been shown to increase
the concentration of IL-1 in serum and muscle, which is expected to play a
substantial role in promoting muscle inflammation (Tidball, 1995). To stimulate the

activity of antigen specific host defenses, these cytokines regulate the growth,

differentiation and functional activities of T and B lymphocytes (Pyne, 1994).

1.2.4.2 Leukocytes

Leukocytes, primarily neutrophils and monocytes/macrophages are thought to
perform a wide range of functions during the inflammatory response associated with
muscle damage. It is generally believed, although still not thoroughly understood,
that these cells perform three functions within the muscle damage and repair cycle
(Tidball, 1993; Clarkson & Sayers, 1999). Attack and breakdown of debris

(neutrophils and macrophages), removal of cellular debris (macrophages) and

regeneration of cells (macrophages).
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Leukocytes are attracted to injured muscle cell, via various chemotactic factors,
possibly including resident leukocytes (Tidball, 1995), calpain or peptide fragments
(Belcastro et al., 1998), and cytokines (Pyne, 1994; Neiss et al., 1999). To enter the

inflamed tissue, leukocytes bind to specific adhesion molecules of endothelial cells

that line blood vessel walls (St Pierre Schneider et al., 1999).

The neutrophil is one of the first cells to arrive at sites of injury and infection, where
it releases a number of chemoattractants to amplify the response by recruiting
additional neutrophils and mononuclear cells. Neutrophils generate superoxide and

other reactive oxygen species via a respiratory burst, which is catalysed by the

enzyme NADPH oxidase, located in the plasma membrane (Pyne, 1994).

It has been suggested that the neutrophil is programmed for overkill not caution
(McCord, 1995). It has little intrinsic ability to distinguish between foreign and host
antigens, thus destroying healthy as well as damaged cell and debris (Pyne, 1994).
Macrophages, like neutrophils are capable of producing oxygen free radicals
(Maclntyre et al., 1995). Macrophages also give rise to cytokines, which in turn may
exacerbate damage by potentiating cytotoxic mechanisms of other inflammatory cells

to enhance free radical production and enzyme releases (Evans & Cannon, 1991).

Following degradation processes, some macrophages may play a role in muscle
repair (Tidball, 1995). Two populations have been observed within animal muscle

(Tidball, 1995: Clarkson & Sayers, 1999), ED1+ cells act as phagocytes and ED2+

cells regulate the consequent repair process (Clarkson & Sayers, 1999),
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1.2.5 Regeneration
Muscles possess considerable powers of regeneration. During the phagocytic phase

of muscle damage there i1s an associated division of surviving satellite cells, which
mature into myoblasts and fuse to form new myotubes. A crucial, but poorly
understood stage during this process is the stimulation of satellite cells to divide.
However, 1t does appear that invasion by macrophages seems an essential
prerequisite for regeneration, possibly by somehow stimulating satellite cell division
(Jones & Round, 1990). Indeed, it is strongly suggested that macrophage infiltration
is an important part of the regeneration phase particularly in terms of satellite cell

proliferation (Cantini & Carraro, 1995; Merly et al., 1999; Lescaudron et al., 1999).

A brief review of the muscle damage and repair cycle has been presented. This has,

by no way, exhausted the information available on the processes involved, but does
give a general introduction to an area, which although well investigated, is still not
thoroughly understood. The muscle damage and repair cycle i1s summarised in
Figurel.1l, with the inclusion of areas where oestrogen may play a role.

A more recent area of interest with regard to muscle damage is the potential
protective effect of oestrogen. There follows an explanation of the possible

mechanisms for the protective role of oestrogen in the muscle damage and repair

cycle.
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Figure 1.1: Illustration of a simple model of the muscle damage and repair cycle.
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1.3  Oestrogen and muscle damage

Oestrogen has an apparent protective effect on cardiac, smooth and possibly skeletal
muscle in terms of damage and inflammation. For example, the lower incidence of
atherosclerosis and other cardiovascular diseases in pre-menopausal females when

compared to age-matched males is believed to be partially attributable to the
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protective effect of the female sex hormone oestrogen (Stumpf et al. 1977; Bush et
al., 1987; Gruchow et al., 1988; Barret-Conner & Bush, 1991; Chisholm, 1991;

Stampfer et al., 1991; Tuidus, 1995).

Oestrogens are a group of 18-carbon steroids secreted primarily by the ovary and, to
a lesser extent, the adrenals in females, and 1n smaller quantities from the testes and

adrenals in males (Bunt, 1990). The term oestrogen refers to three structurally similar
steroid hormones, estradiol-17p (E2), estrone (E1) and estriol (E3). Of these, E2 is

the primary oestrogen in humans and the one with the greatest oestrogenic properties
(Tiidus, 1995; 1999), and as such is studied in the majority of investigations (Bunt,

1990).

Oestrogen is believed to have a high antioxidant capacity, membrane stabilising

properties and a gene regulatory effect. Through one, or all, of these interrelating
properties it has been suggested that oestrogen could play a role in reducing skeletal
muscle damage. The processes involved in muscle damage have already been shown
to be complex with many interactions between processes. Thus, the way in which
oestrogen may have an effect in reducing skeletal muscle damage (if in indeed 1t
does) is very difficult to determine. Nevertheless, the review considers the possible
effect of oestrogen across the muscle damage and repair cycle, including 1nitial
events, secondary damage, inflammatory processes and regeneration. The review is

presented within subsections but the interaction between processes and thus

subsections should not be forgotten.

1.3.1 Oestrogen as an antioxidant
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An antioxidant is a molecule with a relatively strong reductant property to
quench/scavenge/neutralise the unpaired electron from tree radical species (Karlsson,

1997). A common denominator for these compounds 1s that their molecular structure
is based on a carbon-ring structure, which originates from phenol species (Karlsson,

1997). Phenol species have one or more hydroxyl groups, which have a unique

property to reduce electrons (Karlsson, 1997).

Lipid peroxidation is a free radical mediated chain reaction, which can be initiated by
the hydroxyl radical attacking polyunsaturated fatty acids in membranes which
results in oxidative damage (Wiseman & O’Reilly, 1997) and ultimately atfects
membrane stability (Tiidus, 1995). It has been demonstrated in vitro and in vivo In
both rat and human investigations, that oestrogen (at physiological and
supraphysiological concentrations) possesses a potent antioxidant characteristic
(Yagi & Komura, 1986; Sugiola et al., 1987; Huber et al., 1990; Mooradian, 1993;
Subbiah et al., 1993; Tiidus, 1995; Ayres et al., 1996; Ayres et al., 1998; Ruehlmann
& Mann, 1997; Bir & Amelink, 1997; Wiseman & O’Reilly, 1997), although the
mechanisms by which oestrogen acts as an antioxidant have not been fully
determined. Oestrogens do possess a hydroxyl group on their A (phenolic) ring, in
the same configuration and position as vitamin E (known to possesses a strong
antioxidant capacity) (Ayres et al., 1998; Tiidus, 1999; Persky et al., 2000) and
similar to thyroxine (Sugioka et al., 1987), which also possesses potent antioxidant
activity. Oestrogen may donate hydrogen atoms from their phenolic hydroxyl group,
thus terminating peroxidation chain reactions, in a way similar to Vitamin E

(Sugioka et al., 1987; Tiidus, 1995; Ayres et al., 1998; Tiidus, 1999; Persky et al.,

2000).
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An increase in oxygen radical production results in a decrease in vitamin E
concentrations as a result of the above reaction (Tiidus, 1999). However, this has
only been shown to occur in studies with male and sexually immature female rats
(Bowles et al., 1991; Sen et al., 1997), in which oestrogen levels are obviously low.
Sexually mature female rats (high oestrogen) are not affected in the same manner,
1.e. vitamin E levels are maintained (Tiidus & Houston, 1993). These results suggest
that oestrogen may offer an additional line of defence against oxygen free radicals
and may render skeletal muscle less susceptible to exercise-induced oxidative

damage (Tiidus, 1999).

1.3.2 Oestrogen and membrane stabilisation
Due to its figuration and antioxidant capacity, oestrogen is believed to have

membrane stabilising characteristics. It has been suggested that oestrogen may
protect membranes from peroxidative damage by decreasing membrane fluidity and
Increasing membrane stability in ways similar to cholesterol (Wiseman et al., 1993;
Wiseman & Quinn, 1994). Oestrogen is a fat-soluble hormone and this type of
stabilisation involves an interaction between membrane phospholipids and oestrogen
In ways similar to the stabilising mechanisms of vitamin E and cholesterol (Wiseman
et al., 1993; Tiudus, 1995; Persky et al., 2000). As steroid hormones are lipophilic
(Whiting et al., 2000), they intercalate into the bilayer of the cell plasma membrane,

potentially altering the fluidity and function of the membrane.

The ability to decrease membrane fluidity has been demonstrated for E2 and related

compounds (Wiseman & O’Reilly, 1997). Wiseman and Quinn (1994) demonstrated
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a positive association between decreased membrane fluidity and antioxidant ability.
They stated that this ability, by oestrogen in particular, to decrease membrane
fluidity is a mechanism of their antioxidant action, which results in stabilisation of

the membrane against peroxidation.

1.3.3 Oestrogen and gene regulation

Pro-inflammatory cytokines, for example IL-6 and TNFa have been shown to
increase during the muscle damage and repair cycle (Esperson et al., 1990; Fielding
et al., 1993; Bruunsgaard et al., 1997, Hellsten et al., 1997; Pederson et al., 1997,
Suzuki et al. 1999; Smith et al., 2000). Nuclear factor kappa B is known to govern

gene expression involving various cytokines and cell adhesion molecules
(Montgomery et al., 1991; Degitz et al., 1991; Iadermarco et al., 1992; Yoshikawa &
Yoshida, 2000) and it has been shown that vitamin E inhibits the activation of this

factor (Yoshikawa & Yoshida, 2000). Yoshikawa and Yoshida (2000) demonstrated
that vitamin E can prevent leukocyte-endothelial cell adhesion by inhibiting signal
transduction. They conclude that vitamin E may have a protective effect against the
progression of inflammation. Research suggests that it could be the antioxidant
properties of vitamin E which leads to this gene regulatory effect (Yoshikawa &
Yoshida, 2000; Sen, 2001; Sen & Roy, 2001). Caulin-Glaser et al. (1996) explained
that oestrogen has been shown to have important gene regulatory effects (Beato,
1989; Gaub et al., 1990; Shymala & Guiot, 1992), which again could be explained
through its strong antioxidant capacity. Therefore, oestrogen, could atfect the
expression of adhesion molecules and possibly allay further damage (reduce
infiltration of cells such as neutrophils) but in doing so, inhibit inflammatory and

repair processes.
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It would appear that oestrogen may have a capacity to reduce muscle damage, based
on the above three interacting processes. This possible protective role of oestrogen
and the subsequent effect upon the muscle damage and repair cycle is presented in
Figure 1.2. There follows a review of the research in this area and discussion of how
the interacting processes outlined above may account for recent observations in the

literature.
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Figure 1.2: Summary of how the interacting properties of oestrogen potentially play
a role in the muscle damage and repair cycle.

To date it is not known whether oestrogen-mediated inhibition of inflammatory
processes would compromise repair. The potential effect of oestrogen during the
early stages of the muscle damage and repair cycle may reduce injury sufficiently
that an inflammatory cascade would not be initiated. Alternatively, the inflammatory
response may be required to allow the muscle to regenerate properly. To the right of

the possible crossover point indicated in the figure, inhibition by oestrogen may
potentially have a negative effect.

Section 2
1.4  Effect of oestrogen on creatine kinase activity
Creatine kinase (CK) is a commonly measured marker of muscle damage, although

it’s inter-subject variability has been criticised (Warren et al., 1999). Despite this,
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there has been shown to be a large difference in CK activity between males and

females, which has generally been attributed to the effect of oestrogen.

Women have been shown to have lower CK activity at rest (Meltzer, 1971) and show
less CK efflux after bicycle exercise (Shumate et al., 1978) or long distance running
(Berg & Keul, 1981; Rogers et al., 1985). In addition, Bir et al. (1988) investigated
the etfects of 2 hours running in rats on CK activity. They observed that
ovariectomised females (source of oestrogen removed) showed similar levels to male
rats and that feeding of exogenous oestrogen to this group and to male rats reduced
the efflux of CK. Following a similar exercise protocol Amelink and Bir (1986)

reported that CK activity was 335% of baseline in males, but remained unchanged in

females. As CK activity gives an indication of membrane integrity, the research

strongly suggests that oestrogen results in greater membrane stability.

It remains to be confirmed, however, if the reduction in CK efflux is simply an
indication of increased membrane stability or whether the muscles are 1n fact
receiving less damage. Research in this area has been minimal and inconclusive.
Although there i1s agreement regarding the CK response, the actual protection in
terms of the etiology of muscle damage is undetermined. These findings have led to

more recent and in-depth investigations into muscle damage and oestrogen.

1.5  Histopathological studies
Van der Meulen et al. (1991) and Dumke (1996) measured histological damage and
enzyme release following a treadmill protocol in rats. Van der Meulen et al. (1991)

found that gender differences in enzyme release after exercise did not reflect
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differences in the amount of histological damage (assessed by multiple central
nuclei, hyaline aspect, multiple vacuoles, and infiltration by inflammatory cells).
Dumke (1990) observed that there were significant differences between a placebo
treated and an E2 treated group of ovariectomised females in CK activity (reduced
CK activity in E2 treated group), but no significant differences in histological
damage. This suggests that oestrogen offers no real protection against damage, but
simply helps maintain a more stable membrane. These procedures assume a similar
time course for males and females and only measure histological damage once, not
following damage fully. It would therefore be difficult to determine if muscle

damage was indeed the same in the two groups observed.

A direct contradiction of the findings by Van der Meulen et al. (1991) and Dumke
(1996) are those by Reijneveld et al. (1994). A marked attenuation of the CK

response, as found in many of the studies in this area (Shumate et al., 1978; Amelink
& Bir, 1986; Bir et al.,, 1988), was concurrent with a decrease in the amount of

histological damage. Clearly this area requires further investigation.

Warren et al. (1999) reported that only functional measures could give a true
indication of the extent of muscle damage. They indicated that in both human and
animal studies, the histopathology of muscle fibres following eccentric exercise
correlated poorly with functional measurements, both in terms of magnitude and the
time course of the impairment. Furthermore, the histological method of assessing

muscle damage has been criticised because specimens obtained from a muscle biopsy

represent only a small fraction of the involved muscle. They therefore strongly
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recommended that measures that indicated changes in function should be

incorporated to assess and follow muscle damage.

1.6 The effect of oestrogen on indirect and functional measures of muscle
damage

Buckley-Bleiler et al. (1989) investigated the response of women at different ages to

exercise-induced muscle damage. Comparisons were made between pre-pubescent,

eumennorheic and post-menopausal females. They found no significant ditferences
between these groups in measures of CK, muscle soreness and maximal 1sometric
strength. The results should be interpreted with caution. The method of inducing
muscle damage was 40 maximal isometric contractions, which may explain why the

reductions in strength and in CK were small. As explained previously, activities that
contain eccentric contractions produce more muscle damage and soreness, than other
types of contraction. Therefore, this type of exercise protocol was possibly not
sufficient to induce significant levels of damage to determine if differences existed in

the age groups.

Thompson et al. (1997) investigated the effects of regularly ingesting oestrogen, in
the form of oral contraceptives (at least 30 mg ethinyl estradiol for more than 6
months) on post-exercise muscle damage of lower extremities especially the
quadriceps, following a bench stepping regimen. The only criterion measure that
showed a group by time interaction was soreness, with oral contraceptive users
reporting less soreness than the non-users. The authors concluded that oestrogen was
ineffective at attenuating muscle damage. However, as the only measures of damage

that showed significant differences from baseline were soreness and range of motion,
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it 1s therefore possible that the damage-inducing protocol was not sufficient to elicit
significant differences in other factors between the two groups. In addition, the
sample size in the two groups was small (control=6, OC group= 7), which again
makes any strong conclusions difficult. Nevertheless an interesting observation from

this study was the differences between the groups in perceived soreness.

Rinard et al. (2000) investigated the effects of eccentric exercise of the elbow flexors
on a large sample of adult males (n=82) and females (n=83). There were no
differences between males and females on relative changes in isometric strength and
soreness, although women showed the greatest loss in range of motion, as measured

by relaxed arm angle. With such a large sample size it would appear that oestrogen

has no protective effect on muscle damage. However it should be noted that subjects
were selected based on their soreness response, thus making generalisations from the

study very difficult.

1.7  Oestrogen, the time course of muscle damage and the immune response

In general, the studies reviewed so far have been concerned with the initial effects of
muscle damaging exercise. They do not consider the damage over its full time
course. In addition, there has been no attempt to consider possible differences in
immune response to the insult of damaging exercise between males and females. As
explained previously, after the initial mechanical/metabolic damage to the muscle,
there follows a multitude of events resulting in secondary damage and eventual
repair. Infiltration of the muscles by neutrophils and macrophages may not occur
until 24 to 96 hours after the exercise and may persist for over a week (Tiidus &

Bombardier, 1999). This 1s an area that has recently received greater attention, and
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has enhanced our understanding of the gender differences in muscle damage and

repaitr.

1.7.1 Oestrogen and the general inflammatory response

Komulainen et al. (1999) investigated the time course of changes of structures within
the muscle following downhill running. The results demonstrated that the general
histopathological changes in both sexes were essentially similar, but that these

occurred more slowly (myofibre swelling) and to a lesser extent (necrosis and

macrophagy invasion) in females than in males.

Tiidus and Bombardier (1999) hypothesised that as oestrogen may be responsible for
differences in gender-related susceptibility of muscle to exercise-induced muscle
damage, and may act as an antioxidant, it would be of interest to determine the
eftects of oestrogen administration on phagocytic cell infiltration of the muscle
following exercise. They hypothesised that diminished neutrophil and macrophage
infiltration may ultimately reduce the time-course and severity of the inflammatory
response of the muscle after exercise and possibly enhance the healing process.
Conversely, it could have a negative effect by hindering repair. Tiidus and
Bombardier (1999) measured post-exercise tissue myeloperoxidase activity in male
and female rats which were treated (40ug/kgBW) and untreated with oestrogen.
Their results suggested that oestrogen might significantly affect post-exercise
leukocyte infiltration into skeletal muscle. The mechanism by which this may have
occurred 1s difficult to determine, as the control of infiltration by neutrophils and
macrophages is complex. Factors affecting these processes include -calcium

homeostasis and calpain production, cytokines, oxygen free radical activity, and
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prostaglandin E2 (Cannon et al., 1991; Belcastro et al., 1998; Tiidus & Bombardier,
1999), to name but a few, with interactions amongst these given factors. This and the

possible effect that oestrogen has on some of these factors will be discussed later.

Stupka et al. (2000) reported that the possible difference in the extent of muscle
damage between males and females, is due to differences in the inflammatory
response and not due to differences in sarcomere damage. They demonstrated that
following an eccentric protocol women showed less muscle inflammation compared
to men despite the same amount of z-line streaming. This has implications when
considering regeneration and in fact the female muscle may be compromised in

terms of regeneration, despite suffering a similar amount of initial damage.

St Pierre Schneider et al. (1999) investigated the time course and concentration of

leukocyte invasion in injured soleus muscles of male and female mice, to determine
if any sex differences existed. Leukocyte invasion began one day after injury in both
sexes and diminished on day five in males, but remained evident after day seven in
females. During the period of maximal leukocyte invasion at 1 day post-injury,
muscle sections from males contained more fibres invaded by acid phosphatase-
positive cells than muscle sections from females. They suggested that oestrogen
prevented elevated macrophage concentrations in blood vessels by limiting the
availability of endothelial cell adhesion molecules. This suggests that oestrogen
could reduce macrophage or other leukocyte emigration into inflamed tissue, because
fewer endothelial cell adhesion molecules result in an inability of leukocytes to move

out of blood vessels and into the area of inflammation. They therefore postulated

that removal of damaged myofibres is slower in the female mice.
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A direct contradiction to these studies are the findings from Maclntyre et al. (2000),
who observed a greater presence of neutrophils in muscles of women four hours after
exercise compared to men. They concluded that this was probably due to increased
adherence and migration of neutrophils into the muscle. As exercise workload was
normalised to body mass and was not significantly different between the two groups,

the results suggest that oestrogen may be the most likely factor affecting the

infiltration of the inflammatory cells into the muscle.

The observation of differences in leukocyte concentration or time course oOf
infiltration between males and females does not provide substantive evidence that the
damage-repair process is mediated by oestrogen concentration. As previously

explained, many complex events occur which result in migration and infiltration of

these cells and will be discussed further.

1.7.2 QOestrogen and specific events associated with inflammation

1.7.2.1 Calcium

As described earlier, loss of Ca** homeostasis is believed to be a major factor
resulting in the cascade of autogenic and inflammatory processes in muscle
degradation. Prakash et al. (1999) investigated the effect that oestrogen had on
smooth muscle cells. They observed that oestrogen had an inhibitory effect on Ca*
influx, and also enhanced Ca®* efflux via a receptor mediated mechanism. It is
expected that this would reduce the Ca”™ overload, and therefore suppress the

cascade of events which can result in more severe muscle damage. If the same is true
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for skeletal muscle, this could be an important process by which oestrogen may

atfect the inflammatory response to exercise-induced muscle damage.

Jovanovic et al. (2000) demonstrated that physiological levels of E2 provided
resistance to female, but not male cardiomyocytes against intracellular Ca** loading.
As in skeletal muscle cells, Ca** loading in cardiac muscle leads to cell injury. It is
possible therefore that the protection conferred by oestrogen in cardiac muscle may
also be found within skeletal muscle, preventing, or certainly dampening the

secondary muscle damage processes. This however requires empirical verification

with skeletal muscle cells.

A recent investigation by Tiidus et al. (2001) seems to suggest that oestrogen does
have the potential to reduce Ca** overload within skeletal muscle following an
exercise protocol. In the calpain hypothesis proposed by Belcastro (1998) a very
important role is suggested for this Ca** sensitive protease, including chemotaxis of
leukocytes (see section 1). The investigation by Tiidus et al. (2001) demonstrated
that following an exercise protocol, ovariectomised rats treated with oestrogen, not
only showed significant attenuation of 1 hr post exercise neutrophil number and
MPO activity, but also reduced calpain-like activity, compared to placebo treated
ovariectomised rats. They suggested that oestrogen supplementation increased post-
exercise muscle sarcolemma stability, possibly preventing Ca®* influx into skeletal
muscle and therefore preventing the activation of calpain. This would consequently

lead to diminished calpain-induced proteolysis and neutrophil chemotaxis.
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Although the above study was limited to lhr post exercise observations only, their
findings certainly suggest an important role for oestrogen within this specific

(Ca**and calpain) process of the muscle damage and repair cycle.

1.7.2.2 Adhesion molecules

To enter the inflamed tissue, leukocytes bind to specific adhesion molecules of
endothelial cells that line blood vessel walls (St Pierre Schneider et al., 1999). As
described earlier, St Pierre Schneider et al. (1999) attributed the reduced leukocyte

infiltration in injured soleus muscle to the inhibitory effect of oestrogen on adhesion

molecules.

Previous research has shown E2 can inhibit cytokine-mediated endothelial cell

adhesion molecule activation, thereby reducing leukocyte chemotaxis and adhesion

(Caulin-Glaser et al., 1996). However, Cid et al. (1994) reported that estradiol
treatment of cultured human umbilical vein endothelial cells stimulated up to a

twotold increase 1n TNFa-induced adhesion of leukocytes.

This 1s a very complex area. In general, it has been found that women of childbearing

age are more susceptible to autoimmune diseases (involving an up-regulation of
immune response) (Chao et al.,, 1995; Rider et al., 1998; Ahmed et al.,, 1999;
Tornwall et al., 1999) and this has been suggested to be due to oestrogen. This could
in some way explain the findings of Cid et al. (1994) who explained that their results
demonstrate that oestradiol has important regulatory functions in promoting
leukocyte-endothelial cell interactions. It is unclear why Caulin-Glaser et al. (1996)

and St Pierre Schneider et al. (1999) observed a different relationship. To elucidate
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further on the potential effects of oestrogen on the specific aspect of muscle damage
and the inflammatory response to muscle damage, further research on skeletal

muscle 1s warranted.

Cytokines are important factors in inducing the expression of endothelial cell
molecules (Marui et al., 1993). The possible effect that oestrogen has upon cytokines
1s discussed below. Another important consideration in relation to the influence of

oestrogen, is the role that oxidative stress may play in regulating adhesion molecule

gene expression. Marui et al. (1993) tested the hypothesis that cytokines selectively
induced adhesion molecule gene regulation through an antioxidant sensitive
pathway. The findings of their study suggested that regulation of some adhesion
molecules are reduced in the presence of a potent antioxidant. As oestrogen has been

demonstrated to have strong antioxidant capacity, it is feasible that it could also

reduce expression of these molecules through a similar pathway.

1.7.2.3 Cytokines

Cytokines are very important in orchestrating inflammatory processes. Thus, any
factor that can regulate cytokines will also play an important role in the inflammatory
response. As previously explained, there 1s an increased incidence of autoimmune
diseases in pre-menopausal females. Zuckerman et al. (1996) explained that the

effect of oestrogen on autoimmunity and inflammation may involve changes in

secretion of inflammatory mediators, e.g. cytokines. They showed that treatment of
mice with pharmacological doses (0.2-2ug/kg) of estriol resulted in a significant

increase 1n serum TNFa levels and rapid elevation in serum IL-6 levels following

challenge.
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Both Schwarz et al. (2000) and Angstwurm et al. (1997) investigated the influence of
menstrual cycle status upon cytokine levels. Angstwurm et al. (1997) found that

during the follicular phase, the increase of E2 was accompanied by an increase in IL-
6 (p=0.07, r=0.35). Following ovulation, when progesterone rose there was a 1.5-4.4
fold drop in plasma IL.-6. Schwarz et al. (2000) demonstrated that in male
participants no differences existed in cytokine response between 1nitial samples and
those taken one to three weeks later. In pre-menopausal females, release of TNFa
and IL-6 was significantly decreased in the luteal phase compared to the male group
and this difference was more pronounced in females taking oral contraceptive pills.
In addition they found a diminished response during the luteal phase compared to the
follicular phase. Thus, it would appear that oestrogen has an inhibitory effect on

cytokine activation. However, Schwarz et al. (2000) also demonstrate a positive
correlation between the concentration of estradiol in plasma and the release of TNFa

and IL-6 following a challenge during the luteal phase.

These two papers demonstrate the complicated relationship between oestrogen and
cytokines. During the follicular phase (when oestrogen is at its lowest) cytokine
release was enhanced compared to the luteal phase. However, during the luteal

phase, cytokine release has a positive relationship with oestrogen concentration.

Pottratz et al. (1994) reported an inhibitory effect of E2, within in vitro and in vivo
studies. They observed that ovariectomised mice demonstrated an up-regulation of
granulocytes and macrophages and such changes could be prevented by a
neutralising antibody against IL.-6, as well as oestrogen replacement. They suggested

that the inhibition of IL-6 production by E2 was via a receptor-mediated action.
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Chao et al. (1995) observed that oestrogen can in some cases depress and in others
stimulate cell-mediated 1mmune function. They concluded that within the
physiological range of E2, TNFa release 1s finely regulated and dramatically affected

by relatively small changes in hormone concentrations.

1.8  Research implications

The complexities of this area are clearly demonstrated in this review. Oestrogen is
known to have a potent antioxidant capacity and a membrane stabilising ability. As
free radicals are implicated in the development (metabolic stress), propagation of
damage (respiratory burst) and even to some extent repair, it would seem a fair
assumption that an antioxidant would play a role within this damage, inflammation
and repair cycle. In addition to this direct effect upon the skeletal muscle cells,
oxygen free radicals may also play a role in mediating other factors associated with
the inflammatory response, for example pro-inflammatory cytokines (Tiidus, 1998).
This, in turn, can prime leukocytes and thereby enhance superoxide production.
Thus, a reduction in initial free radical production, possibly through oestrogen, could
feasibly reduce inflammation. In addition to this, oestrogen may also have a direct
effect upon specific events within the inflammatory process, for example Ca”
overload, cytokines, and adhesion molecules. These factors of course are themselves
not mutually exclusive. A reduction in cytokines will have a direct etfect upon
adhesion molecule expression. It seems that there are several possible levels at which

oestrogen could play a role within the muscle damage and repair cycle, as presented

in Figure 1.2.
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The literature on the time course and immune response of males and females to
exercise-induced muscle damage is sparse, ambiguous and equivocal, and clearly
requires further mvestigation. In addition, further research would help to determine
whether the possible inhibition of the immune response either a) aids repair by
reducing further secondary damage or b) is negative in terms of the repair and the
return of normal function to the muscle. Tidball (1995) stated that inflammatory cells
in injured muscle have been implicated in several aspects of successful repair. As
explained previously ED2+ cells have been shown to stimulate repair processes.
Thus, it could be suggested that inhibition of inflammatory processes has the
potential to compromise regeneration. Research into non-steroidal anti-inflammatory
drugs and muscle regeneration have been inconclusive, with reports of both

compromised (Mishra et al., 1997) and uninhibited repair (Thorsson et al., 1998).

Understanding the role of oestrogen in terms of repair would be useful to both

recreational and elite sports participants.

If oestrogen is found to play a role within the muscle damage cycle, then
implications and applications are considerable and require further investigation. For
example, it may not be appropriate to ignore gender when conducting muscle
damage research. Fluctuations in oestrogen found across the menstrual cycle may

need to be considered within a training environment and schedule.

Another area of research is the possible negative effect of oestrogen on for example
tissue regeneration. Are females less protected from the repeated bout effect, due to

inhibition of repair following the initial bout of damage?
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There are also health considerations for post-menopausal females. Older males have
the advantage of testosterone, known for its anabolic properties, to help maintain, in
some way, their muscle mass. Post-menopausal females could therefore benefit from
oestrogen replacement in terms of protecting their skeletal muscle from degeneration.
Phillips et al. (1993) have shown that there is no significant ditference in specific
force of muscles between young males and pre-menopausal women. However,
around the time of the menopause there was a dramatic decline in specific force in
women which was prevented by the use of hormone replacement therapy. In men
weakness started later and the decline was more gradual. This decrease in strength
associated with reduced levels in oestrogen is believed to account for the increases in
falling incidents in post-menopausal women (Phillips e al., 1993). Naessen et al.
(1997) also found that oestrogen replacement therapy has a positive effect in terms of
postural balance in post-menopausal females. However direct contradictions to these

findings have also been reported (Seeley et al., 1995; Taafe et al., 1995; Armstrong

et al., 1996; Brooke-Wavell et al., 2001).

Research in terms of the protective effect of oestrogen against skeletal muscle
damage is sparse, especially in terms of secondary damage and inflammatory
processes. Assumptions and theories on the possible protective role of oestrogen on
skeletal muscle can be made based upon the known properties of oestrogen and
research carried out on cardiac and smooth muscle. However, specific skeletal

muscle research 1s required for any true assumptions and conclusions to be made.
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The current thesis aims to advance the knowledge of this complex area and try to
determine the extent to which oestrogen plays a role within the muscle damage and
repair cycle following eccentrically biased damage inducing exercise in humans.

The following specific questions were addressed:

1) Does the phase of the menstrual cycle in eumennorheic females affect
their susceptibility to exercise-induced muscle damage? (Chapter 2)

2) Does prolonged supplementation with exogenous oestrogen, in the form
of the combined oral contraceptive pill attenuate any symptoms of
exercise-induced muscle damage? (Chapter 2)

3) Are there gender differences associated with symptoms of exercise-
induced muscle damage? (Chapter 3)

4) Do markers of inflammation following exercise-induced muscle damage
differ between males and females? (Chapter 3)

5) Are females more prone to damage following a second bout of

eccentrically biased exercise? (Chapter 4)
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This study formed the basis of a verbal presentation to the British Association of
Sport and Exercise Sciences conference (2001) and subsequent abstract in Journal of

Sports Sciences.

Kendall, B., & Eston, R. (2002). The effect of menstrual cycle status and oral

contraceptive use on exercise-induced muscle damage. Journal of Sports Sciences,

20, 54
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2.1  Abstract
Oestrogen has been suggested as a skeletal muscle protectant. The purpose of this

study was to investigate differences in the extent of muscle damage between the
follicular and luteal phase of healthy eumennorheic females, following an eccentric
exercise protocol of the elbow flexors, and to determine if the regular ingestion of
oestrogen, in the form of oral contraceptives, could reduce symptoms of exercise-

induced muscle damage following the same protocol.

Nine oral contraceptive users [pill] (age = 21.4 * 3.0 years, height = 165.4 £ 7.3 cm,
mass = 65.5 + 9.8 kg) and seven non-oral contraceptive users [nonpill] (age = 21.7 +

4.2 years, height = 166.1 + 5.3 cm, mass = 64.7 + 6.3 kg) performed two bouts of

damage-inducing exercise of the elbow flexors on opposing arms. The bouts were
performed during different phases of their artificial (pill) and actual (nonpill)
menstrual cycle. Soreness, CK activity, isometric strength of the elbow flexors,
relaxed arm angle, and upper arm circumference were taken prior to exercise, and
every 24h for three days following exercise. A mixed model repeated measures
ANOVA [group (2) x phase (2) x time (4)] revealed changes in all variables across
time, confirming that muscle damage was successfully induced. In addition, soreness
was higher on day one in the nonpill group, with differences being maintained across
the 3 day monitoring period (Fs 4o= 4.6, P<0.01). The data suggest that fluctuations in
oestrogen during the normal menstrual cycle do not affect susceptibility to muscle
damage. In addition, the results suggest that supplementation of oestrogen in the form
of oral contraceptives does not reduce the extent of muscle damage, but does appear

to affect the perception of pain associated with this damage.
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2.2  Introduction

Exercise-induced muscle damage (EIMD) 1s a well researched but still quite poorly
understood occurrence. It i1s well documented that EIMD i1s a common experience
following eccentric muscle actions (Newham et al., 1983; Clarkson et al., 1986;
Jones et al., 1986) or prolonged metabolically demanding activities (Sjostrom et al.,
1987; Suzuki et al., 1999). Symptoms include stiffness (Jones et al., 1987); loss in
strength (Talag, 1973; Newham et al., 1983); delayed onset muscle soreness (Talag,

1973; Newham et al., 1983) especially on activation of the damaged muscle, and
leakage of proteins into the blood (Jones et al., 1986), of which the most frequently

reported is creatine kinase (CK). Symptoms can last for up to eleven days following

the initial insult to the muscle (Cleak and Eston, 1992).

2.2.1 Oestrogen and exercise-induced muscle damage

Females exhibit less CK activity both at rest and following exercise (Meltzer, 1971;
Shumate et al., 1979; Amelink and Bir, 1986; Bir et al., 1988). Additionally,
ovariectomised (removal of oestrogen source) rats and male rats have enhanced CK
activity, following a prolonged exercise protocol, compared to sexually mature
female rats. This response is reduced with oestrogen treatment (Amelink and Bar,
1986; Bir et al., 1988), which led these authors to suggest that oestrogen may provide
a protective effect against skeletal muscle damage. This is further supported by
evidence that oestrogen acts as a cardioprotectant (Subbiah et al., 1993; Wiseman,
1997). There is a lower incidence of coronary heart disease in pre-menopausal
femal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>