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ABSTRACT
Regular physical activity, or exercise, is beneficial in the maintenance of health and
wellbeing of the human body. With respect to the cardiovascular system, the potential benefits of
physical activity in the prevention, reduction of frequency and severity, and enhanced
rehabilitation, of heart disease are clear. However, many questions remain regarding factors such
as the mode, duration, and intensity of physical activity and the cardiac impacts of these variables.
Moreover, underlying mechanisms remain to be detailed. The current narrative from health
organisations and governments worldwide has been the mantra of ‘exercise is medicine’, with a
two-pronged approach: to enable the population to meet the minimum standards of daily physical
activity, and to limit the amount of extended sedentariness. What is clear is that very few meet
these standards, and heart disease, along with other associated chronic diseases attributed to a
lack of activity and suboptimal diet, remain top of the list for all-cause mortality and morbidity.
The issues pertaining to this problem are as broad as the benefits of exercise itself, and they include
behavioral and societal issues beyond the scope of this thesis. The experiments in this thesis aim
to specifically investigate the molecular underpinnings of the cardiac and systemic changes that
occur in the exercised body. With this knowledge, it is possible to proceed further with potential
solutions, such as: personalised exercise protocols for a specific health outcome, determination of
short-term, long-term, and lifelong effects of activity or inactivity, and development of agents that
may mimic or promote some of the benefits of exercise, especially for those unable to undertake
physical exertion.
The first experimental studies in this thesis investigated whether short-term voluntary wheelrunning in 8-week old mice beneficially modulates myocardial ischemic tolerance, signaling
kinases, and gene expression patterns (Chapter 3). Transcriptome analysis can provide insight into
molecular mechanisms. Prior animal studies have utilised forced activity measures, such as
treadmill running, expecting increases in heat shock protein or any other canonical stress
responses. However, we employed voluntary wheel-running as a ‘low-stress’ method to assess
responses to ischaemia-reperfusion insult. Phenotypic results showed that 1 week of wheelrunning improved left ventricular developed pressure recovery from 25 min ischaemia/45 min
reperfusion (by 47%) and reduced diastolic dysfunction (by 30%). Analysis of known pro-survival
proteins showed limited changes, with only a 30% increase in cytosolic ERK1/2, whilst there were
no differences in total Akt, GSK3β and phospho-Akt, -GSK3β and -ERK1/2. Microarray
interrogation identified significant changes (!1.3 fold expression change, "5% FDR) in 142 known
genes, the majority of which (92%) were repressed. Significantly modified pathways/networks
related to inflammatory/immune function (particularly interferon-dependent), together with cell
movement, growth, and death signalling. Of only 14 induced transcripts, 3 encoded interrelated
sarcomeric proteins titin, #-actinin, and myomesin-2.
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The next series of studies were designed to investigate the sensitivity of cardiac ischaemictolerance to both activity and inactivity. Studies assessed cardiac effects of voluntary activity (14
days) in running-naïve mice (Active), 7 days of subsequent inactivity (Inactive), and brief (3 day)
restoration of running (Re-Active); and tested whether 'cardiac:activity coupling' reflects common
modulation of pro-survival (AKT, AMPK, ERK1/2, HSP27, EGFR) and -injury (GSK3$) proteins
implicated in ischaemic preconditioning/calorie restriction responses (Chapter 4). Active mice
increased running speed and distance by 75-150% over 14 days and their hearts were significantly
resistant to post-ischemic dysfunction following 25 min ischaemia (40-50% improvements in
functional outcomes). This protection was accompanied by ~2-fold elevations in AKT, AMPK,
phosphorylation, and EGFR expression. Ischaemic tolerance was reversed in Inactive hearts,
and ERK1/2 phosphorylation (with AKT, AMPK, HSP27 phosphorylation unaltered). Running
characteristics, cardioprotection, EGFR expression and GSK3$ all returned to Active levels within
1-3 days of restored activity (with no significant changes in AKT, AMPK, HSP27 phosphorylation).
These data reveal sensitive coupling of myocardial stress-resistance to activity level, and show that
only initial activity in running-naïve animals induces a molecular profile characteristic of
and EGFR modulation more consistently parallel both activity- and inactivity-dependent shifts in
myocardial stress resistance. The findings also suggest a particular importance of recent activity
level in governing ischaemic tolerance of the heart.

After initial identification and characterisation of a cardioprotective phenotype of voluntary wheelrunning, and analysis of responses to activity/inactivity transitions, a time-course analysis was
undertaken to determine whether dose-dependence existed in terms of wheel running, cardiac
protection and expression of survival and stress kinases. Interestingly, studying the effects at 2-, 7, 14-, and 28-days of running revealed maximal protection with only 7 days of VWR, and no
further improvements with longer running periods. Improvements in ischaemic tolerance were
associated with increased cardiac expression of phospho-AKT, phospho-GSK3$, phospho-ERK and
to a lesser degree, phospho-AMPK. Running also differentially modified gene transcription, with
potentially beneficial up-regulation of determinants of contractile function (Ttn), caveolar
signalling (Cav3) and mitochondrial biogenesis (Pgc1a), vs. repression of injurious/degradative
Mmp2 (and mitochondrial ketone metabolism - Bdh1). Intriguingly, I-R tolerance was also
improved in both 2EX and 2SED groups (i.e. independent of running) vs. mice subjected to longer
sedentary periods, suggesting a cardioprotective effect of environment enrichment independent of
running activity.
Given an absence of impact of running duration on the cardioprotected phenotype, final studies
were designed to test effects of differing periods of a more intense (potentially stressful) forced
swimming protocol (Chapter 6). Swimming is a well-known inducer of physiological
growth/hypertrophy, which itself may promote greater resistance to ischemia-reperfusion injury.
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After an initial acclimation period, mice were assessed after 1 and 2 weeks of intensive swim
training and shown to exhibit modest cardiac hypertrophy (15% and 22% increases in heart:body
weight, respectively). Improved contractility and improved functional outcomes from I-R insult
was observed at 2 wks, but not 1 wk of swimming, contrasting voluntary running. Molecular
analyses in the 2 wk group revealed a reduction in NFkB expression without changes in prosurvival kinase or caveolin-3 expression. Exploratory proteome arrays support differential changes
in growth factor signalling, and beneficial shifts in mediators of inflammation and remodelling in
other tissues (pancreas, white fat, thymus, lymph nodes, brain), involving a pattern of RANTES,
ICAM1 and MMP9 repression vs. LIF and VEGF induction across most tissues. It is likely these
cardiac and systemic shifts in growth factor and inflammatory signalling participate in beneficial
cardiovascular impacts of exercise.
Collectively, the studies within this thesis reveal close coupling between physical activity level
(both increased or decreased) and myocardial ischemic tolerance. While many potentially
beneficial adaptations in cardiac protein expression and signalling arise, only a handful are
consistently linked to cardiac ischemic tolerance including GSK3$ phospho-regulation and
expression of the EGFR receptor. Signalling via GSK3$ has been identified as a potentially valuable
target, while these are the first data to support a role for altered EGFR signalling in coupling cardiac
stress phenotype to physical activity level. Data are also incompatible with the view that exercise
represents a physiologic corollary of ischemic preconditioning or calorie restriction responses
(except perhaps in exercise naive subjects, in which this physiologic stimulus may present a greater
'stress'). Finally, the studies also reveal a diversity of beneficial changes in inflammatory, RTK and
growth factor signalling in the heart and systemically, highlighting the integrative nature of the
response to exercise. Unravelling these interactions is a challenge, yet may provide insights not
only into normal physiology but management of heart disease and its consequences.
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EXERCISED-INDUCED CARDIOPROTECTION
1.1!

Epidemiology: Rising Chronic Disease and Declining Activity

Mankind has always placed importance on technological progression and innovation in order to
make daily life ‘easier’. This has been particularly evident in the last two centuries, as advances in
modern machinery and technology in general continue to reduce the workload of humans.
Breakthroughs during this time have also afforded stockpiling and distribution of food on a much
grander scale, resulting in an increasingly inactive and ‘over-consuming’ lifestyle (Ludwig, 2011).
Such modifications have undoubtedly improved the living standards of many, however these
changes do not come without consequence, as it also rapidly removes mankind from an
environment they have been adapted perfectly to over many thousands of years (Booth et al., 2007;
Eaton et al., 1988). Humans are now living much longer than previous generations, mainly due to
limiting the dangers of infectious disease with antibiotics and vaccines. The issue now, however,
is that a significant portion of those of middle and advanced ages are suffering from chronic
disease, and much of the blame is directed at our modern lifestyle, not due to overuse, but through
the lack of adequate physical activity and sub-optimal diet. Although there are always exceptions
throughout recorded history, obesity was considered to be a rare occurrence, as daily living
necessitated a more active lifestyle and food availability was relatively sparse (Haslam, 2007).
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Figure 1.1: The five phases of cardiovascular disease

(Data Source: Gaziano & Gaziano, 2011). CVD Mortality data is age-adjusted.

From the nomadic lifestyle of a hunter-gatherer existence, to the eventual rise of civilisation, it was
not until the major technological advances in agriculture, manufacturing, and transport of the
Industrial Revolution that obesity became a significant health risk factor (Caballero, 2007; Ludwig,
2011). Today, health experts have labelled a 'fifth phase' of societal progression (Figure 1.1), and
have proposed obesity and physical inactivity to be the next significant risk factors for chronic
disease, and the leading causes of morbidity and mortality (Gaziano, 2010). Two major risk factors
of smoking and high cholesterol levels were targeted with longstanding public health initiatives
and the advent of cholesterol-lowering drugs (e.g. statins). Fortunately, this saw a marked reduction
in CVD related deaths in the ensuing decades (Williams and Marber, 2010). Historical records
from developed countries have shown a progressive increase in body mass index (BMI), but in this
increasingly globalised world, the negative effects of the western lifestyle have permeated to
developing countries, with the potential for disastrous results in terms of health and wellbeing.
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Table 1.1: The Major Risk Factors for Cardiovascular Disease in Australia
Risk Factor

Prevalence in Australians

Smoking

21%

High Blood Pressure

29%

High Cholesterol

51%

Poor Diet

46%

Excess Weight

54%

Physical Inactivity

34%

Excessive Alcohol

14%

Data source: Australian Institute of Health & Welfare, 2006

1.2!

Inactivity Physiology: The Importance of Moving

Physical activity is any form of movement using skeletal muscle. The best explanation as to why
humans and domesticated animals suffer chronic disease with lack of physical activity and
suboptimal diet may be derived from Darwinian natural selection principles. It is believed the
phenotype of contemporary man has been naturally selected over millennia to provide certain
advantages for the hunter-gatherer existence. In 1962, James Neel proposed the ‘thrifty gene’
hypothesis, explaining that genes responsible for disease manifestation of type II diabetes, and
indeed other chronic metabolic diseases, were historically advantageous. The tendency to rapidly
store one’s energy intake into longer-term adipocytes, and efficiently release this energy in times
of irregular food supply in the hunter-gatherer existence enabled a greater chance of survival (Neel,
1962). The physiology dictated by our genes was better suited for high physical activity, favouring
aerobic metabolic pathways to provide maximal efficiency in daily duties, and the ability to
conserve energy in times of uncertain food supply (Booth et al., 2002). Although our genome has
effectively remained unchanged, our environment and lifestyle are drastically (and rapidly)
different, resulting in maladaptation in our modern world (Cordain et al., 1998; Eaton, 2003).
Exercise as a metabolically active function is also inextricably linked to dietary or nutritional
elements (Burelle et al., 2004). 'Inactivity Physiology' is the notion that prolonged sedentariness is
not merely a static state, devoid of physical activity, but that it is metabolically functional, inducing
largely negative changes within the body. For example, daily activity was proved to be a
requirement to maintain customary lipoprotein lipase activity in rat skeletal muscle (Bey and
Hamilton, 2003; Zderic and Hamilton, 2006), while recent studies of human populations showed
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individuals who prescribe to a lifestyle of increased inactivity, can increase chronic production of
inflammatory markers implicated in diabetes risk, obesity, hypertension and cardiovascular disease
(Pradhan et al., 2001; Stamatakis et al., 2011; Stewart et al., 2007; Sugiyama et al., 2008). In 1966
the landmark Dallas Bed Rest Longitudinal Study tested the effects of chronic bed-rest for 3 weeks,
and was followed up 40 years later in 2006 (Mcgavock et al., 2009; McGuire et al., 2001; Saltin
et al., 1968). A key finding was that 40 years of normal ageing reduced maximal oxygen uptake
(VO2 max) to a level comparable to their initial 3-week bed rest event in 1966. These and other
studies indicate that one should not regard exercise or physical activity as a “health intervention”,
but more as an ongoing necessity for healthy living and disease prevention. In fact, activity levels
should be viewed on a continuum, with sedentariness and inactivity as extremes, and also as
independent risk factors for chronic disease (Owen et al., 2008). It is important to realise, however,
that due to the dynamic nature of the benefits exercise provides, mechanisms such as inflammation
cannot simply be labelled as constituents of dysfunction. For example, acute upregulation of
inflammatory pathways may also form the basis of cardioprotective effects of morphological
adaptation (physiological cardiac hypertrophy) or innate protective mechanisms (ischaemic
preconditioning). In fact, blocking hormetic levels of reactive oxygen species (ROS) and
inflammation has been shown to abolish cardioprotection altogether (Yamashita et al., 1999).

The link between sedentariness and heart disease has been recorded since antiquity, but it wasn’t
until seminal work by Morris et al. in 1958 (describing experiments that started modern physical
activity epidemiology), in which standing bus conductors were shown to have a lower incidence
of cardiovascular disease than seated bus drivers, that a clear link was established (Morris and
Crawford, 1958). In the United States, another pioneering endeavour was the Framingham Heart
Study in 1948; a large-scale, multi-generational longitudinal study that continues to the present
day (Mahmood et al., 2014). The ‘risk factor’ term was coined in this study, and its findings indeed
informed much of what is common knowledge today, such as the effects of exercise, diet, together
with smoking and other co-morbidities relevant to cardiovascular disease. The protective measure
of maintaining a healthy lifestyle not only reduces incidence of disease, but also has strong
associations with improved survival rates when undergoing coronary surgery (Rengo et al., 2010).
Current exercise prescriptions from organisations such as the World Health Organisation,
American Heart Association, and the American Sports College of Medicine advocate for 30 min
of moderate-intensity activity at least 5 days per week, rather than the 1970’s recommendations
for higher intensity ‘vigorous’ exercise (Brown et al., 2008). However, it is clear that even this
modest protocol is poorly adhered to within the general public, with recent data revealing that
although 62% of Americans self-reported meeting these minimal guidelines, indiscriminate
measures showed less than 10% compliance of the Physical Activity Guidelines for Americans
(PAGA) via accelerometry (Tucker et al., 2011). Adherence is relatively poor in Australia as well,
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with self-reports indicating over half the population (62%) admit to not meeting the guidelines
(Australian Bureau of Statistics, 2009). Although the evidence for maintaining a healthy and active
lifestyle in preventing and reducing incidence of disease is clear and unequivocal, the reason
mankind has such reluctance to rebalance the discrepancy of required physical activity, for their
own benefit, is largely unknown.
The debate as to how to solve this problem mainly resides in two differing forces: first, the resolve
of an individual, and the social environment they live in. As physical activity becomes a
recreational or leisurely activity rather than an imperative for daily living, there is difficulty due to
competing activities that might be more palatable. No doubt most people recognise that physical
activity results in multiple benefits, but the acute discomfort is often more immediate. A
commitment to exercise also requires planning and preparation, with a constant vigilance towards
overcoming any impediment in participation. These social factors, and aspects such as education
level, career/income, environment, and leisure habits are all important in determining why
physical activity adherence is poor. Animal behavioral experiments such as the famous ‘Rat Park’
study by Canadian psychologist Bruce K. Alexander in the late 70s changed the notion that drugs
do not necessarily cause addiction, and that if provided with an enriched environment with
running wheels, toys, and the opportunity to mate, rats were more likely to drink plain tap water
as opposed to the water dispenser containing morphine (Alexander et al., 1978). As this doctoral
work seeks to examine effects of activity on cardiac infarction tolerance (exercise
cardioprotection), the following will summarise the process of myocardial infarction (heart attack),
cardioprotection and the potential therapeutic utility of ‘preconditioning’, and the molecular
mechanisms involved in these protective responses.

1.3!

Myocardial infarction

Myocardial infarction (MI) events are predominantly caused by atherosclerotic stenosis of the
coronary vessels, resulting in thromboembolism (blood clot and embolus formation) (Figure 1.2).
The resulting damage to the myocardium is dependent upon several factors including transmural
localisation of the blockage, extent of vessel collateralisation, history of angina/ischaemia, existing
co-morbidities, and duration of the ischaemic period before reperfusion is achieved (Hearse,
1998). Resultant myocardial injury is characterised by myocardial cell death, contractile
dysfunction, arrhythmia, and microvascular dysfunction. Intrinsic factors that determine the extent
that ischaemia-reperfusion (I/R) damages the heart include the extent and interactions of: energy
depletion, metabolite accumulation, oxidant stress, and calcium overload (Dangas et al., 2010;
Ibanez et al., 2011). Acute bouts of ischaemia render the heart susceptible to ‘myocardial
arrythmias’ (1-5 min) and ‘myocardial stunning’ (5-20 min); both are considered reversible with
little long term damage. However, prolonged ischaemia (20+ min) depletes vital adenosine
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triphosphate (ATP) due to the diminution of oxidative phosphorylation (Powers et al., 2014). The
loss of this fundamental metabolic pathway is substituted by anaerobic glycolysis, an interim
system that facilitates rapid ATP production, however at a much lower efficiency, and associated
with accumulation of lactic acid/H+.
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Figure 1.2: Diagram of a myocardial infarction, with time-dependent severity of ischaemic event

Atherosclerotic stenosis causes myocardial infarction within the ischaemic zone. Severity is
dictated by the localisation of the blockage, and the duration of the ischaemic event. Time
dependent damage begins in the subendocardium and laterally evolves towards the subepicardial
layers (Image adapted from Hearse et al., 1998).
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This results in a cascade of increased damage, due to ionic imbalances leading to passive efflux of
metabolites and inorganic phosphates. This is associated with increases in Na+ concentrations via
inhibition of the Na+/K+ ATPase and later activation of Na+/H+ exchange, promoting osmotic
swelling of myocytes and impacting mitochondrial and sarcoplasmic reticulum function (Jennings
+ 2+
2+
and Reimer, 1991). Furthermore, the sarcolemmal Na /Ca
exchanger induces Ca
influx,
causing hypercontracture, and degradation of contractile proteins and phospholipids, due to
increased protease and phospholipase activity. Levels of reactive oxygen species (ROS) increase
as they are produced in uncoupled mitochondria and surpass the capacity of endogenous antioxidants to manage, further damaging cell/organelle components. Mitochondrial dysfunction and
permeabilisation ultimately triggers apoptotic and oncotic death. These cascading events are
depicted in Figure 1.3 below. The only solution to halt this progressive breakdown involves
restoration of coronary blood supply (reperfusion). Readers interested in the details of these
processes are encouraged to seek the following review articles (Buja, 2005; Cohen and Downey,
2011; Ferdinandy et al., 2007).
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Figure 1.3: The myocardial ischaemia-reperfusion cascade

The temporal progress towards cell death in myocardial ischaemia and reperfusion. This cascade
is time-dependent, with brief periods causing damage that is reversible, and longer bouts causing
irreversible damage. During this time, the loss of ATP results in greater reliance on anaerobic
glycolysis and compensatory ion exchanges eventually leading to hypercontracture. The reintroduction of oxygen is itself causing further damage, with increases in reactive oxygen species
and apoptotic proteins, followed by opening of the Membrane Permeability Transition Pore (MPTP)
as an advanced stage of cell death.
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1.4!

Reperfusion: A Double-Edged Sword

Although restoration of flow and O2 is essential to myocardial salvage and survival, a sudden
influx of molecular O2 after prolonged ischaemia can be extremely hazardous, and in fact is
responsible for a significant proportion of total tissue death. The sequential reduction of O2 results
in production of superoxide anions, hydroxyl radicals, and hydrogen peroxide among others,
collectively known as reactive oxygen species (ROS). These oxidants contribute to cardiac tissue
damage via modification of essential enzymatic proteins and cell membrane phospholipids. The
effects of ROS may be amplified if a cell’s own anti-oxidant defences have been damaged during
ischaemia. The restoration of flow itself, independent of O2, may also promote damage,
temporarily exaggerating ionic/osmotic gradients across cell membranes as a result of clearing
accumulated solutes from the extracellular compartment (Braunwald and Kloner, 1985).
Re-energisation of ischaemic cardiac tissue also triggers hypercontracture due to uncontrolled
myofibrillar activation resulting from renewed supply of energy (ATP) combined with elevated
cytosolic Ca

2+

concentrations (Ibanez et al., 2011; Powers et al., 2007). As the cytoskeletal

proteins are previously damaged, a cardiac myocyte suffers more severe damage, ultimately
leading to necrosis. A rapid change in extracellular pH because of reperfusion can also be harmful
to the myocardium (Ivanes et al., 2010). In an attempt to normalise, an increase in interstitial pH
+
+
results in a large and rapid H efflux. The efflux of H adds to the development of hypercontracture
because intracellular acidosis is known to inhibit the Ca2+-sensitivity and functionality of
+ +
2+
myofibrillar machinery. The coupling of Na /H and Na+/Ca exchangers contributes to further
Ca

2+

1.5!

+
overload in exchange for H (Imahashi et al., 2007; Stone and Gersh, 2009).

Irreversible Injury: Cell Death

Irreversible ischaemic and reperfusion injuries involve the death of myocardial tissue, generally
within ~20 minutes of coronary occlusion in humans. This occurs in three distinct forms: necrosis,
apoptosis/necroptosis and an autophagic salvage process that may mitigate or potentiate death
pathways (Powers et al., 2014). It typically originates in the sub-endocardium of the heart,
progressing towards the epicardium, reflecting greater O2 supply:demand imbalance within the
inner myocardial layers (Figure 1.3).
Necrosis is characterised by uncontrolled cell swelling, promoting the loss of integrity of an already
fragile cell membrane, and inducing subsequent inflammation. Mitochondrial dysfunction, Ca2+
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overload, ROS and osmotic swelling all contribute to loss of cell integrity and release of cellular
elements that may induce harmful effects to surrounding collateral tissue. On the other hand,
apoptosis is a regulated (controlled) process, executed in reperfusion. This energy consuming
process results in the regulated “shrinking” of cells and nuclei as well as fragmentation of DNA,
and avoiding the inflammation resulting from cell content leakage with necrosis (Dorn and Diwan,
2008). Controversy exists over the relative contributions of necrosis and apoptosis to myocyte
death in the diseased heart, further compounded by the inability to distinguish when ischaemic
damage stops, and reperfusion damage begins. Originally, myocyte death was thought to occur
exclusively via necrosis. However, in 1994 investigators reported substantial contribution from
apoptosis in reperfusion injury. They concluded that apoptosis was a major contributor to myocyte
death following coronary artery occlusion and reperfusion in rats. It was estimated that ~3 million
myocytes died from apoptosis compared with only 90,000 via necrosis (Gottlieb et al., 1994).
Autophagy is a quality control process that can contribute to a third class of cell death. Like
apoptosis, this ATP-dependent process occurs in normal cell and tissue homeostasis, but has the
additional advantage of recycling cellular components to reallocate them (Gottlieb and Mentzer,
2010). Its ambiguities are still evident in cardiovascular disease, where is may be considered to be
a positive outcome (relative to effects of necrosis or apoptosis) or detrimental, as its salvaging
capacity may be outweighed by overall diminution of cell viability (Kanamori et al., 2011;
Sciarretta et al., 2010; 2011). Indeed, determination of the method of cell death during ischaemiareperfusion could be considered a moot point, as essentially any of these pathways, which function
concurrently with each another, lead to the same inevitable outcome. However, as for mechanisms
of cell survival (discussed later), each cell death pathway possesses unique signal transduction
elements that can be manipulated via physiochemical intervention.
Therefore, discriminating the conditions required for each mode of cell death, and its molecular
pathway, can inform possible therapeutic solutions. In apoptosis, it is known that activation of
caspases, a family of intracellular cysteine proteases, induces cell death, while pro- and antiapoptotic Bax and Bcl-2 proteins are associated with the mitochondria (Green and Reed, 1998).
Bcl-2 exerts a cell survival function by inhibiting mitochondrial cytochrome c release, and has also
been implicated in modulating mitochondrial Ca2+ flux. In addition, it has been shown to inhibit
the translocation of Bax to mitochondria, which limits cytochrome c release and promotes cell
survival (Murphy and Ranganathan, 2000). The balance between Bcl-2 and Bax actions appears
to determine the rate of cardiomyocyte apoptosis. Bcl-2 inhibits the mitochondrial cell death
pathway, whereas translocation of Bax from cytosol to mitochondria promotes cell apoptosis (Zhao
et al., 2009). The mitochondrial outer membrane permeabilisation (MOMP) is also an important
element of mitochondria-dependent cell death as Bcl-2 family proteins may be involved in this
permeabilisation and pore formation, with release of pro-apoptotic factors such as cytochrome c,
AIF, Smac/DIABLO (Garrido et al., 2006).
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Autophagic death is a relatively understudied form of cell death, compared to apoptosis, but
presents a unique capacity for cell death to have as minimal an impact on tissue function as
possible. Signalling via mTOR or AMPK can activate pro-autophagic proteins such as Beclin,
which may contribute to the potential of exercise to activate cellular recycling or turnover
capabilities in cardiac muscle (Deretic et al., 2012; Kim et al., 2011). Even as stressors such as
starvation and exercise can induce mitochondrial turnover or ‘mitophagy’, it has been shown that
the remaining organelles are more resistant to mPTP opening (Kavazis, 2009; Kristensen et al.,
2008). A meta-analysis of publically available expression data for 3 million gene co-expression
patterns of murine physiological hypertrophy highlights the autophagic response as key to cell
survival (Drozdov et al., 2010). Some similarities exist in terms of I/R injury mechanisms in other
organs, such as the brain. It is therefore prudent to study proteins such as elements of the
PINK1/Parkin pathway which have been implicated in brain mitophagy (Kawajiri et al., 2010;
Tanaka, 2010; Whitworth and Pallanck, 2009).
1.6!

Cardioprotection: Preconditioning and its Variants

Limiting the initiation and progression of cell death and damage during ischaemia is a longstanding clinical goal. However, effective cardioproterction remains elusive. The discovery of
ischaemic preconditioning by Robert Jenning's lab in 1986 is still regarded today as a pinnacle of
cardioprotection research, after more than a quarter of a century (Murry et al., 1986). By pretreating with four 5-minute intermittent bouts of ischaemia and reperfusion in the dog heart, they
could reduce total infarct size by an unprecedented 75%. Short episodes of angina were too brief
to independently induce damage via apoptosis or necrosis but were able to effectively
‘precondition’ the heart to better cope with a subsequent attack 1-2 hours later (Cohen et al.,
2000). Further studies demonstrated an additional delayed or second windows of protection
(SWOP), emerging 24 hours later and remaining effective for 2-3 days, and which involves
induction of protective protein expression (Yang et al., 1996).
Although ischaemic preconditioning deserves distinction, there is some disillusionment within the
cardiovascular research community rgarding the utility of this type of response. While laboratory
findings demonstrate clear potential, clinical applicability and disappointing outcomes in clinical
trials question its utility, as has been reviewed extensively (Downey and Cohen, 2009; Peart and
Headrick, 2009; Przyklenk, 2011; Williams and Marber, 2010). However, through intense
investigations worldwide, interesting variants of the preconditioning phenomenon have been
discovered, including post-conditioning, where protective effects occur via stuttered reperfusion
(Zhao et al., 2003), or remote pre- and post-conditioning, where a limb is subjected to bouts of
transient ischaemic stress to remotely condition the heart

(Kharbanda et al., 2002). Post-

condtioning offers the distinct advantage of applicability after an unpredictable AMI, while remote
responses provide ease of indcution while limiting untoward impacts on the target organ. The
ongping interest in the preconditioning phenomenon led to identification of G protein coupled
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receptor involvement, leading to the possibility of pharmacological preconditioning (Fryer et
al., 2002; Hausenloy and Yellon, 2007b). Regardless of its perceived limited therapeutic
applicability in the human population (in comparison to surgical interventions or prophylactic
cholesterol lowering drugs), conditioning responses have instigated considerable research
providing a better understanding of cell death and survival mechanisms and will inform nextgeneration solutions, including individualised medicine and stem cell/tissue regeneration
approaches (Jennings, 2002).
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1.7!

Exercise-Induced Cardioprotection: Similarities to Preconditioning

Figure 1.4: The biphasic pattern of Second Window of Protection (SWOP) and Excess Post-Exercise
Oxygen Consumption (EPOC)

Figure 1.4: The biphasic pattern of Second Window of Protection (SWOP) and Excess Post-Exercise
Oxygen Consumption (EPOC) share similarities in temporal effects. The biphasic temporal pattern
of the SWOP & EPOC show a high initial peak within the first couple hours of ischaemia or exercise
bout, before a dissipation that occurs until 24-48 hours post ischaemia/exercise bout where a
smaller but sustained effect of 2-3 days duration is observed. Figure adapted from Yellon &
Downey, 2003.
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Second window of preconditioning (SWOP) and Excess Post-Exercise Oxygen consumption
(EPOC) demonstrate identical biphasic temporal signatures even though they are considered to be
unrelated phenomena. It is believed that the latter phase is the effect of transcriptional adaptation
manifested from the initial bout. In classical Ischaemic Preconditioning (IPC), the degree of
protection is highest in the first hours, then dissipates. The SWOP then returns a reduced but more
prolonged level or protection (in relation to initial Classical IPC bout (Yellon & Downey, 2003).
Similarly, EPOC is highest right after the initial exercise bout and quickly dissipates before
returning at a lower, sustained level of oxygen consumption for recovery, repair and adaptation of
affected tissues. Direct oxygen consumption during an exercise bout is relatively small by itself,
but when considering the increase in resting metabolic rate during EPOC, the wholistic benefits of
physical activity in energy balance are apparent (Speakman & Selman, 2003).

Regular physical activity has been causally linked to an improved cardiovascular profile: from the
physiological stresses to i) compensation (i.e. collateralisation, physiological growth,
mitochondrial size or quantity); ii) metabolic changes (i.e. blood lipid profile/pressure, insulin
sensitivity, hormonal, anti-inflammatory); iii) numerous signal mediators activating G proteincoupled receptors and receptor tyrosine kinases together with their downstream effectors (Huey
and Meador, 2008; Kojda and Hambrecht, 2005; Meissner et al., 2010; Radak et al., 2008a;
2008b). Protection via pre-infarction angina is observed to be retained in elderly patients who
maintain a high amount of physical activity (Abete et al., 2001). Exercise training is also known to
trigger neuroplastic adaptations that improve cardiorespiratory function (Nelson et al., 2005).
Mechanistically, chronic exercise induces bradycardia, maximal stroke volume, and general
improvement in overall contractile function (Fagard, 2003).
Exercise has been characterised to exert anti-ageing effects, possibly due to the induction of
antioxidant pathways and an overall increase in the robustness of the cellular environment via
balanced apoptosis, improved autophagy, mitochondrial biogenesis, balanced hormone levels,
and improved telomere integrity and cardiac structure (Burgess et al., 2001; Channer, 2011; Kwak
et al., 2006; Lawler et al., 2009; Makino et al., 2011). Previous studies from our group indicate
that major signalling components have attenuated efficacy, or are rendered in effective with ageing
(Peart et al., 2007; Willems et al., 2005). Therefore, if exercise is an intervention that either
prevents such changes and/or reverses them, it may indeed be a powerful tool to not only treat,
but also understand which essential components are to be targeted to maintain cardiac health and
promote cardioprotection. The notion of physical activity in protecting the heart against disease is
certainly not new. In fact, historical texts among ancient civilisations have demonstrated
remarkably astute observations and prescriptions (Dwivedi and Dwivedi, 2007; Haslam, 2007).
Akin to the protective effects of brief bouts of ischaemia (or angina), some believe that protective
mechanisms of exercise involve a similar hormetic effect (Ji et al., 2010; Mattson, 2008). Indeed,
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even prior to the 1986 preconditioning discovery, exercise-induced cardioprotection against I/R
injury was described with chronic swim training in rats (McElroy et al., 1978), and Brinkman et al.
demonstrated a decade later that this protection was preserved within the isolated heart itself,
independent of exogenous influences of blood, vascular shear, autonomic nervous or other
adaptations in the body (CJ et al., 1988). It was not until the early 1990s that exercise, and its
ability to prevent or attenuate cardiovascular disease, was investigated at the level of detail we
appreciate today, initially focusing on mediators such as antioxidants (AO), heat shock proteins
(HSPs) and nitric oxide (NO) (Powers et al., 1993; 1998; Yao and Gross, 1993).
The question of whether physical activity or exercise can serve as a natural analogue of the
ischaemic preconditioning phenomenon has been reviewed by many key research groups in the
field (Frasier et al., 2011; Powers et al., 2014; Brown & Moore., 2007). Most contend that although
similarities exist, there is a clear distinction between the two stimuli. The multifaceted effects of
exercise at almost every level, especially within the context of gene variability and heterogeneity
in the human population, continue to confound. For example, Bouchard and colleagues trained
481 sedentary adult Caucasians from 98 two-generation families, under a 20-week cycle
ergometer regime, initially starting at 55% VO2max for 30 min and gradually increasing to 75%
VO2max for 50 min/day. Subjects were tested for maximal capacity twice before, and twice after
the intervention. Although the intervention increased mean VO2max by 400 mL across the cohort,
some exhibited much greater improvements while others did not respond at all (Bouchard et al.,
1999). It is therefore important to note that exercise-based studies must consider the multiple
variables of species, age, gender, ethnicity (or strain) and disease state. Such distinct differences in
outcome provide further evidence that it is highly unlikely there will be a “magic bullet” or
universal exercise regime that will benefit all (Church and Blair, 2008).
Empirically speaking, exercise or physical activity itself, has a relatively small contribution to total
daily energy demands; however, it has the ability to augment the relatively static resting metabolic
rate (RMR), which is the largest component of the body’s daily energy budget (Speakman and
Selman, 2007). Interestingly, studies of excess post-exercise O2 consumption (EPOC) for an acute
activity bout follow an almost identical trend to the initial and second window of protection
(SWOP), the time-based biphasic windows of protection in ischaemic and pharmacological
preconditioning (2014). This pattern consists of strong but acute protection lasting <2h, and weaker
but much more prolonged effects up to 48 h (Figure 1.4). The first phase of SWOP produces a
highly protective effect for 1-2 hrs after initial preconditioning which dissipates and then returns
12-24 hrs later for a reduced, but more prolonged protective effect for 48-72 hrs. Excess PostExercise Oxygen Consumption typically follows a strenuous physical activity bout with measurably
increased rate of oxygen intake to erase the body’s oxygen deficit. During this phase recovery,
repair and adaptation of the body occurs, which include hormone balancing, replenishment of
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fuel stores, and anabolism. These profiles circumstantially support the notion that exercise or
physical activity is a natural manifestation of the preconditioning phenomenon discovered by
Murry et al (Gleeson and Hancock, 2001; Murry et al., 1986). It may also reflect the biological
distinction of readily available proteins activating in the initial bout of SWOP and EPOC (1-2 hrs),
and the subsequent transcriptional adaptations that occur in the latter phase.
1.8!

Exercise-Induced Cardioprotection: Implicated Signalling Components

The quest to determine the roles and relative importance of signalling mechanism in
cardioprotection against I/R injury has yielded some interesting findings, yet we are still unable to
identify the existence of a single essential pathway mediating protection. Indeed, it seems unlikely
that a single pathway mediates cardiac protection with physical activity, given the diversity of
known beneficial signaling changes induced (and the potential for redundancy). Interestingly,
highly prominent candidates such as antioxidants, NO and heat shock proteins have been shown
via meticulous experimentation to be non-essential (Tang et al., 1997; Lennon et al., 2004; Taylor
et al., 1999; Guo et al., 2008). That is not to say that they do not make significant contributions
to protection, however if it should fail, other significant mechanisms can maintain robust
protection in their absence.
1.8.1!

Antioxidants

Redox reactions/signalling form the basis of our daily functioning, and simultaneously promote
our inevitable demise. Oxidative stress is regarded as one of the key factors responsible for the
progression of ageing and the impacts or genesis of different diseases. It affects all tissues in the
body, and the cardiac muscle is particularly vulnerable due to the extremely limited regenerative
capacity of adult myocardium (Bergmann et al., 2009).
In ischaemia-reperfusion injuries distinct antioxidant defenses are utilised in a graded hierarchical
manner: hydrophilic antioxidants (ascorbate or glutathione) act as ‘first-line’ defenses; while lipid
phase antioxidants (#-tocopherol or tocotrienol) are induced with higher levels of stress (Haramaki
et al., 1998). Besides the issue of low bioavailability following oral administration, many have
speculated on our inability to modify MnSOD (now called SOD2) activity in mitochondria, the
site at which most oxidants are formed (Turrens, 2003). Many studies aimed to minimise damage
with antioxidant supplementation yet acquired equivocal results, following a trend of proven
efficacy in controlled laboratory settings vs. poor translation in clinical trials (Ceconi et al., 2003;
Marczin et al., 2003). In relation to protection against I/R injury, antioxidants such as MnSOD have
been shown to be unnecessary for preconditioning to occur (Brown et al., 2005; Turrens et al.,
1992).
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In the context of ageing and disease, exercise throughout the lifespan enables maintenance of
musculature that can only be augmented by oxidants. The hormetic fashion of exercise-induced
oxidant release results in a net protection by increasing antioxidant mechanisms that prevent lipid
peroxidation and attenuate protein dysfunction that occurs during an I/R event (Gomez-Cabrera et
al., 2008). The hormetic effect of exercise may be a core stimulus that activates a broad repertoire
of cellular antioxidant defense mechanisms (Marczin et al., 2003).
Conversely, there has been some debate as to whether chronic exercise, as a source of ROS and
reactive nitrogen species (RNS), may lead to exacerbation of chronic disease in aged populations
(Bar-Shai et al., 2008). However, continued studies indicate far more benefits with activity, with
recent studies showing advantages in even traditionally problematic groups such as heart failure
patients (Nojiri et al., 2006; Van Berendoncks et al., 2011).
1.8.2!

Heat Shock Proteins

Heat shock proteins such as HSP27 and HSP70 restore dysfunctional enzymes, and prevent
aggregation of severely denatured proteins. They are known to promote cell survival under diverse
physiological stresses, including heat stress, from which their name was originally derived
(Benjamin and McMillan, 1998). They are key mediators of protection against apoptosis and
remodelling, and control cardiac contractility and I/R injury, with their function extended to roles
as molecular chaperones. Some studies appear to confirm HSP involvement in cardiac protection
in treadmill-run rodents (Powers et al., 1998), yet others observe protection without significant
HSP up-regulation (Milne, 2002). As for antioxidants, protection can be achieved without
significant HSP upregulation, such as in low-intensity exercise, or exercise in cold (e.g. 4°C)
climates (Hamilton et al., 2001). Thus, HSPs may participate in exercise protection but certainly
appear non-essential.

1.8.3!

The

Cellular Energy Sensors

heart’s

contractile

ability

depends

on

an

interplay

between

dietary

energy

accumulation/storage, and activity-dependent energy consumption. Inactivity has been shown to
be a leading cause of CVD and type 2 diabetes, the latter resulting from insulin-resistance and
impaired mitochondrial function (Mahgoub and Abd-Elfattah, 1998; Vinokur et al., 2007).
Conversely, regular exercise reduces the incidence of these chronic diseases, improving blood
lipid profiles, decreasing blood pressure, and increasing glucose uptake/insulin sensitivity
(Goodyear and Kahn, 1998; Lee and Chou, 2003). Currently of interest in the field is the
involvement of energy-sensitive signaling via AMPK, PPAR-γ, and sirtuin-1 - master regulators of
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cell energy storage, mitochondrial adaptation, and cytoprotection (Kristiansen et al., 2009; Philp
et al., 2011). Exercise is known to up-regulate the activity of these pathways (Thirunavukkarasu et
al., 2007), and much effort has been expended in realising the possibility of pharmacological
manipulation of these mediators, or as the media has misleadingly labelled it - an ‘exercise pill’
(Warden and Fuchs, 2008).
The 5’-AMP activated protein kinase (AMPK) is a key enzyme in cellular energy homeostasis. It is
a heterotrimeric protein formed by α, β and γ subunits that provide unique structural and functional
features (Carling, 2004). The γ subunit, for example, is responsible for detecting shifts in the cellular
AMP:ATP ratio, a sensitive measure of de-energisation. Regarded as a metabolic master switch,
AMPK oversees the biogenesis of glucose transporter 4 (GLUT4) and mitochondria, and also the
β-oxidation of fatty acids (Bergeron et al., 1999; Durante et al., 2002; Ojuka, 2007). While diabetes
reduces the functionality of GLUT4, exercise-dependent induction of AMPK can reverse this
pathology, rendering AMPK activation a promising target for reducing both diabetes and CVD risk
(Gruzman et al., 2009; Paiva et al., 2011). When PPAR-γ and AMPK are activated in endothelial
cells, they also increase bioavailability of NO via eNOS phosphorylation, another potentially
cardioprotective effect (Morrison and Li, 2011). PPAR-γ has roles in insulin sensitisation,
stimulation of lipid uptake, and reducing inflammation in vascular endothelium (Hamblin et al.,
2009; Li et al., 2009), and induces beneficial effect such as protective ATP-gated K+ channel
opening in young to aged hearts (Coven et al., 2003; Fedorov et al., 2011; Shinmura et al., 2005).
Sirtuin-1 (SIRT1) is an important regulator of peroxisome proliferator activated-γ coactivator-1a
(PGC1α), a critical redox-sensitive regulator of mitochondrial biogenesis (Chabi et al., 2009; Kang
et al., 2009). Recently, Nadtochiy and colleagues examined several downstream targets of SIRT1
- eNOS phosphorylation, NFκβ and autophagy. Results suggest that SIRT1 acts on nontranscriptional targets and is required for cardioprotection (Nadtochiy et al., 2011). The much
heralded antioxidant resveratrol alleviates cardiac dysfunction in streptozotocin (STZ) dependent
diabetic mice via an array of signal mechanisms, including Sirt1 and Sirt3 activation, modulation
of autophagy proteins FoxO, LC3-II and Beclin, together with NO signalling, Bcl2/Bax proteins
and Akt phosphorylation (Mukherjee et al., 2010). However, further research with this agent is
recommended, given conflicting results. Understandably, rival drug companies also dispute these
findings due to their inability to replicate them (Beher et al., 2009; Pacholec et al., 2010).
Moreover, recent knockout studies in mice lacking SIRT1 deacetylase activity did not reveal
changes in wheel running or treadmill exercise, nor mitochondrial biogenesis in skeletal muscle.
These investigators alternatively proposed the importance of GCN5 acetyltransferase activity in
regulating PGC1α (Philp et al., 2011).
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1.8.4!

Nitric Oxide

Augmentation of NO signalling can improve endothelial function in coronary and peripheral
circulations, and has the additional benefit of participating in antioxidant defenses (Edwards et al.,
2004). On the other hand, excess NO can promote nitrosative and oxidative stress. As
atherosclerosis is the primary cause of myocardial infarction, NO signalling has received
considerable attention in terms of its anti-apoptotic, anti-oxidant, anti-inflammatory, and cGMPmediated actions (Cacicedo et al., 2011). Reperfusion injury is known to disrupt and increase
permeability of the endothelium, depleting NO bioavailability and increasing ROS levels. Upregulation of NO can be triggered 24 hrs post-pharmacological treatment, with IPC, and even heat
stress. NO is produced from oxygen and arginine by nitric oxide synthase (NOS) isoforms inducible iNOS, neuronal nNOS, and endothelial eNOS - within myocytes and vascular cells.
While it was unclear whether NO protected exercise-trained hearts by intrinsic mechanisms
independent of inflammatory responses at the blood–vascular interface (Starnes and Taylor,
2007b), more recent work shows NO generated with exercise is stored as more stable nitrite and
nitrosothiols within the heart (Nicholson et al., 2011). Despite reported involvement of NO in
exercise-induced cardioprotection, the NOS/COX-2/mito-KATP pathway has been shown to be nonessential, with selective mitochondrial KATP or COX-2 inhibition failing to diminish protection
(Domenech et al., 2002) Brown, 2005). Indeed, further study indicates that exercise-induced
protection is neither abolished nor attenuated following broad-spectrum NOS inhibition, although
the 2- or 28-day treadmill exercise bouts studied also failed to increase iNOS expression above
levels in the sedentary group (Starnes and Taylor, 2007a).
The above summary of putative exercise-induced protective mechanisms (antioxidants, heat shock
proteins, energy homeostasis regulators, NO) is something of a simplification, however it highlights
the complexity and elusive nature of mechanisms underpinning exercise protection of the heart.
Signal transduction pathways interact, and shifts in paths dictating survival vs. death may arise in
exercise. The current state of cardiovascular molecular biology, though promising, still struggles
to fully comprehend the interconnectivity of diverse signalling pathways. If treatments for
cardiovascular disease are to progress in the future, whether via personalised exercise prescription
or novel drugs, a deeper understanding of these signal transduction pathways must be attained.
Categorisation is based on structural and functional factors, i.e. whether a protein or transcription
factor, activated by certain stressors, functions in the extracellular membrane, cytosol, nucleus, or
mitochondria.
For example, the act of exercise exerts effects in various ways, including disturbances in redox
state, energy metabolism, mechanical load/deformation, inflammation, and heat stress (Ascensão
et al., 2007). The aforementioned function by numerous ligand receptor interactions that utilise
secondary messengers and protein kinases as ‘hubs’ for further downstream actions. Receptor
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activation and physical stimuli induce a cascade of gene and protein interactions that function to
modulate secondary messengers and protein kinases (Dzimiri, 2002). Although these interactions
occur in a dynamic fashion within a dimensional space, it is conventionally visualised in a
simplified top-down model, wherein receptors within cellular membranes sense external signals
that are in turn channeled via cytosolic effector proteins to downstream organelles and effector
mechanisms, such as mitochondrial function and nuclear transcription (Figure 1.5). It is currently
thought that most stimuli ultimately impact mitochondrial function via KATP channels,
mitochondrial outer membrane permeabilisation and the mitochondrial permeability transition
pore (mPTP). However, many G protein-coupled receptors, the most common family in the heart,
fail in intermediary signalling in aged or diseased models (Willems et al., 2005).

1.8.5!

G Protein-Coupled Receptors

One molecular group functioning as a critical membrane sensor and signal transducer is the G
protein-coupled receptor (GPCR) superfamily. This is the largest family of plasma membrane
receptors, consisting of nearly 2000 members. As a result, they account for approximately 1% of
the human genome. They are heptahelical membrane–spanning receptors associated with G
protein heterotrimers consisting of α, β and γ subunits. Upon ligand binding there is exchange of
GTP for GDP on the Gα subunit, an ‘activation’ that promotes dissociation of the trimer into Gα
and Gαβ dimer, which can interact (via activation or inhibition) with effector molecules/ion
channels. The signal cascade ceases when GTP is hydrolysed to GDP and the heterotrimer is
reformed. The diversity of GPCR signalling is enhanced by the presence of multiple subtypes of G
proteins, and apparent cross-talk between differing GPCRs and with growth factor receptors
(transactivation). In the cardiovascular system, GPCRs play a fundamental role in regulation. They
mediate the actions of such crucial cardiovascular regulators as epinephrine, norepinephrine,
acetylcholine, bradykinin, angiotensin, enthothelin, adenosine and opioids (Dzimiri, 2002;
Hausenloy and Yellon, 2007b). It is believed that many GPCRs are particularly concentrated in
caveolae of the plasma membrane (Lasley and Smart, 2001). These receptors not only regulate
function but also govern cardiac adaptation/remodelling and cell death and survival via
cardioprotective signals discussed above. For example, stimulation of β-adrenergic receptors
promotes protective NO signalling, while also increasing cardiac levels of NO metabolites (i.e.
nitrites and nitrosothiols). These receptors also change with age and disease, for example
myocardial responses to β1AR and β2AR stimulation decline with ageing (Lakatta, 2003).
Of interest is the involvement of opioid ligands and GPCRs in exercise-induced cardioprotection.
The extensive study of opioids was originally based on their role in analgesia, via opioid receptors
in the central and peripheral nervous systems. The study of opioids and opioid mediated signalling
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was further enhanced by the discovery and isolation of endogenous opioid peptides. To date, the
following four opioid receptors have been identified: δ, κ, μ, and nociception - all of the GPCR
superfamily (Maslov et al., 2010).
In terms of cardioprotection, it has emerged that GPCR activation via various ligands, including
adenosine, bradykinin and opioids, can elicit protective actions. Observational data also indicated
that long-term opioid exposure from methadone users appeared to attenuate CVD morbidity and
mortality (Marmor et al., 2004). A link between opioids and exercise is evident, as endogenous
opioid peptides (EOPs) are produced and released with exercise and other stressors. Chronic δopioid agonist administration and exercise share a distinction for the ability to protect the
myocardium in the aged population, as shown by our group and others (Peart and Gross, 2004;
Shinmura et al., 2004). It is known that exercise increases serum opioid levels, and one study
utilising the opioid antagonist naloxone has shown that opioids are at least partly responsible for
exercise-induced cardioprotection (Galvão et al., 2011). There is also evidence for increased
synthesis and release of EOP with myocardial ischaemia, pointing to a potential role in
conditioning stimuli and cardioprotection. It was later found that they prevented I-R induced tissue
necrosis, but not apoptosis (Borges et al., 2014; Miller et al., 2015). Opioids elicit few
cardiovascular effects and their exact actions are complicated by the range of possible sites of
action under physiological conditions. The actions mediated by opioids may be a result of
interaction with receptors within the CNS, spine or heart itself. The cardiovascular effects also vary
depending on the dose and route of administration. Opioids have been shown to have both
bradycardic and tachycardic effects, and mediate hypertension or hypotension. Most
cardiovascular effects studied to date are mediated by EOPs and opioid receptors in the
cardiovascular control centre of the medulla, while those in the periphery are less well understood.
They are also shown to have direct interaction with ion channels. Opioids appear to block a variety
+ +
2+
of channels including Na , K , and Ca
channels. The blockage of specific channels may
contribute to cardiovascular depressant effects, as mentioned earlier. With the determination of
the intracellular signalling cascades responsible for the IPC phenomenon, came the identification
of mediating substances, including opioids. The first demonstration of the opioids role in
preconditioning was published in 1996 in which naloxone, a nonselective opioid antagonist,
completely abolished the infarct sparing effects of IPC in intact hearts (Chien and Van Winkle,
1996). Brief infusions of exogenous agonist morphine also replicate IPC (Gross et al., 2004). Recent
studies have also shown that opioids not only affect exercise habits, but also food intake and weight
maintenance (Liang et al., 2015).
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1.8.6!

Opioids and Exercise

Of particular interest is the involvement of opioid ligands in exercise-induced cardioprotection.
The term ‘opioid’ was originally coined by Acheson to describe morphine-like drugs with distinct
structures (Martin, 1967). The extensive study of opioids was originally based on their role in
analgesia, via opioid receptors in the central and peripheral nervous system. While the existence
of opioid receptors was suggested in 1954, it wasn’t until the early 1970’s that they were
definitively identified in the mammalian brain using radioligand-binding techniques. Shortly
thereafter the study of opioids and opioid mediated signalling was further enhanced by the
discovery and isolation of endogenous opioid peptides. To date the following four opioid receptors
have been identified: δ, κ, μ, and nociceptin, all of the GPCR superfamily (Maslov et al., 2010).
In terms of cardioprotection, it has emerged that GPCR activation via various ligands, such as
adenosine, bradykinin and opioids, could elicit protective actions. Observational data also
indicated that long-term opioid exposure from methadone users appeared to attenuate CVD
morbidity and mortality (Marmor et al., 2004). A link between opioids and exercise is evident, as
endogenous opioid peptides (EOPs) are produced and released with exercise and other stressors.
Chronic δ-opioid agonist administration and exercise share a distinction for the ability to protect
the myocardium in the aged population, as shown by our group and others (Peart and Gross, 2004)
Shinmura et al., 2004). It is known that exercise increases serum opioid levels, and one study
utilising the opioid receptor blocker naloxone had shown that opioids are at least partly
responsible for exercise-induced cardioprotection (Galvão et al., 2011). There is evidence for
increased synthesis and release of EOP with myocardial ischaemia, pointing to a potential role in
conditioning stimuli and cardioprotection, which was later found out to be the case as it prevented
I-R induced tissue necrosis, but not apoptosis (Borges et al., 2014; Miller et al., 2015). Opioids
elicit few cardiovascular effects and their exact actions are complicated by the range of possible
sites of action under physiological conditions. The actions mediated by opioids may be a result of
interaction with receptors within the CNS, spine or heart itself. Instead of delineating the exact
actions of opioids most studies are performed in reference to a particular cardiovascular disease
state such as hypertension of CHF. The cardiovascular effects also vary depending on the dose,
site and route of the administration of opioids. With this in mind opioids have been shown to have
both a bradycardic or tachycardic effect and mediate hypertension or hypotension. The vast
majority of cardiovascular effects studied to date are mediated by EOPs and opioid receptors in
the cardiovascular control centre of the medulla while those in the periphery are poorly
understood.
In dogs, specific opioid agonists were shown to elicit cardiovascular depressant effects. CHF have
higher levels of EOPs and it is unclear whether it is deleterious or beneficial. As it causes
depression, some say it already hinders the failing heart, while others argue it protects against the
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vicious cycle of increased vascular resistance and heart rate prompted by SNS activation. They
also exert negative inotropic effect via stimulation of opioid receptors on ventricular myocytes.
The cytosolic concentration of Ca
inhibition of the L-type Ca

2+

2+

is decreased following opioid receptor stimulation due to

channel and depletion from SR stores. The resulting inhibition of

cardiac excitation-contraction coupling ultimately leads to reduced contractility which is further
enhanced by the opioid-receptor mediated inhibition of positive inotropic effects elicits by βadrenergic receptors. They are also shown to have direct interaction with ion channels. Opioids
+ +
2+
appear to block a variety of channels including Na , K , and Ca
channels. The blockage of
specific channels may contribute to cardiovascular depressant effects mentioned earlier. With
determination of the intracellular signalling cascades responsible for the IPC phenomenon came
the identification of mediating substances including opioids. The first demonstration of the opioids
role in preconditioning was published in 1996 in which naloxone, a nonselective opioid
antagonist, completely abolished the infarct sparing effects of IPC in intact hearts (Chien & Van
Winkle, 1996). Brief infusions of exogenous agonist morphine also replicate IPC (Gross et al.,
2004). Recent studies have also shown that opioids not only affect exercise habits, but also food
intake and weight maintenance (Liang et al., 2015).
1.8.7!

Crosstalk and Convergences

Receptors and downstream signalling are highly integrated, and in terms of tissue protection
considerable redundancy appears to exist (for good reason in the heart). Complete reliance on a
single receptor or pathway for specific functions is not evolutionarily robust, and so redundancy
and interconnectivity is observed at multiple level, from the various membrane bound GPCR and
growth factor receptors, downstream effectors such as PKA and PKC, to convergence on
mitochondrial function and channels.
The activation of PKC is often implicated as centrally important to adenosine and opioid- induced
preconditioning, each working via different kinase isoforms and distal effectors. Protection may
also involve ERK1/2 and p38 MAPK proteins which are paradoxically implicated in disease states
and in exercise-induced adaptation (Kramer and Goodyear, 2007). Schulz et al. demonstrated that
ERK1/2 is phosphorylated following opioid receptor activation through transactivation of EGFR
(Schulz, 2005). Adenosine and IPC effects also appear to involve EGFR transactivation from
previous work in our lab (Williams-Pritchard et al., 2011). The activation of PI3K, along with JAK2
and STAT3 phosphorylation, induces subsequent phosphorylation, and thus; inactivation of
GSK3β. The implication of crosstalk certainly applies to the multiple effects of physical activity.
For example, circadian metabolic regulation, which exercise is known to impact, may translate to
PGC1α activation (Li et al., 2011).
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1.8.8!

Reperfusion Injury Salvage Kinase (RISK) and the Surviving Activating Factor
Enhancement (SAFE) Pathway

Membrane receptors, both GPCRs and RTKs, may transduce protective signals via the reperfusion
injury salvage kinase (RISK) signaling pathway. The RISK path was, initially detailed and named
by the lab of Derek Hausenloy (Hausenloy et al., 2005), and is considered central to protection
via preconditioning and its variants (Zhang et al., 2011). Exercise up-regulates multiple activators,
agonists and growth factor ligands related to this pathway, as shown in Figure 1.5. Key components
such as PI3K/Akt, RAS/MEK, Erk1/2, eNOS, GSK3β have been shown to be important modulators
that converge on the mitochondria. Exercise may augment the protective effects of the KATP
channel, and attenuate the effects of mPTP opening via this signal path (Hausenloy and Yellon,
2007a).
Nonetheless, evidence also implicates other kinase pathways in cardioprotection. For
example, a SAFE pathway (Survivor Activating Factor Enhancement) has been identified and is
implicated in protection against ischaemia-reperfusion injury (Lecour, 2009). The pathways
involve activation of the signal transducer and activator of transcription 3 (STAT-3), initially
identified in response to TNFa, and protects against myocyte death independently of the RISK path
and mediators.
1.8.9!

Mitochondrial Effectors: KATP channels and the mPTP

The ability of exercise to exert significant influences on cardiovascular integrity and survival likely
lies in its ability to ultimately modulate and protect mitochondria. The cardiomyocyte is highly
aerobic, with metabolism and viability reliant on mitochondrial respiration, and mitochondria
occupying 30% of myocyte volume (Škárka and Ostadal, 2002). Traditionally, the sole purpose of
the mitochondrial organelle was considered to be provision of ATP, acting as cellular
“powerhouses”. However, more recent research has focused heavily on the diverse and critical
functions of mitochondria in health and disease. The mitochondrion is often regarded as the final
arbiter of cell fate in response to stressful stimuli, as multiple signalling mechanisms (studied in
chronic diseases) ultimately converge on mitochondria (Camara et al., 2011; Honda and Ping,
2006). As noted previously, the double-edged sword of essential reperfusion is exemplified via
actions on the mitochondrial permeability transition pore (mPTP). Initially inhibited from opening
during the ischaemic phase (due largely to acidosis, elevated Mg

2+

, and reduced electron

transport), the pore is nonetheless primed for opening during reperfusion, when a ROS burst, Ca2+
overload and restoration of pH opens the pore, transitioning the organelle from a source of ATP to
a consumer in a futile attempt to maintain a proton gradient (Honda and Ping, 2006).
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Figure 1.5: Elements of the RISK Pathway, and the protective mechanisms via GPCR
signalling via PI3K/Akt and the MAPK/Erk pathway

Physiological cardiac stressors such as exercise can activate G Protein Coupled Receptors (GPCRs)
that in turn cascade the activation of various pro-survival intracellular intermediates and deactivate
pro-death pathways such as those that induce apoptosis. These multiple paths eventually converge
on the mitochondria, where protective potassium channels protect the cardiac cell, whilst
apoptotic mechanisms will induce the membrane permeability transition pore to open, causing
cell death.
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The opening of the mPTP leads to increased colloidal osmotic pressure and mitochondrial
swelling. If left unchecked, the outer membrane ruptures and releases apoptotic factors such as
cytochrome c. With proton gradients dissipated, oxidative phosphorylation is uncoupled, and the
actions of the ATPase are reversed, resulting in ATP hydrolysis as opposed to synthesis (Halestrap
et al., 2004). Unfortunately, the roles of KATP channels and the mPTP as downstream end-effectors
remain somewhat contentious and are incompletely understood in terms of cardioprotective signal
transduction (Leung and Halestrap, 2008). Drugs that currently look promising in targeting these
channels will probably not be used in clinical populations until this has been resolved (Javadov et
al., 2009).
The ATP-sensitive potassium (KATP) channels are found in all cells, however were originally
discovered in cardiac muscle (Noma, 1982). Opening of the KATP channels in the sarcolemma and
mitochondria during reperfusion is thought to be a defence mechanism to maintain mitochondrial
viability/function and decrease ROS production (Cohen et al., 2000). Sarcolemmal KATP opening
protects from infarction but can also cause arrhythmias (Fedorov et al., 2011). Interestingly, the
fields of exercise science and cardiovascular physiology have differentially emphasised the
importance of the two types of KATP channels. Exercise science has shown that sarcolemmal KATP
channels are necessary for exercise-induced cardioprotection (Brown et al., 2005), yet studies
solely assessing the heart emphasise roles of the mitochondrial type (Cohen and Downey, 2011).
There is continual debate as to whether the mitochondrial KATP channel exists at all, and queries
regarding the specificity of methods and pharmacological agents used in these experiments are
therefore relevant (Garlid and Halestrap, 2012).

1.9!

Physical Activity Research in Animal Models

Ethical and logistical issues that prevent invasive study with the human body itself are alleviated
with the use of animals such as rodents. They are an important mammalian model for
understanding the complex interplay between environmental factors, behaviour, and phenotypic
outcomes. Performing physical activity studies on animals has many advantages, including: (i) the
ability to control and manipulate multiple aspects of animal biology and environmental factors;
(ii) the relative ease of acquiring the requisite number of subjects for statistical power; (iii) the
economical and logistical advantage of observing physical activity over the shorter lifespans of
mice or rats; and (iv) the ability to perform invasive procedures.
Nevertheless, the challenge posed by placing a mouse in any artificial environment conjures up a
multitude of differing opinions in the available literature. In many ways, the use of captive murine
models in a relatively sedentary laboratory environment is analogous to the sedentary lifestyle of
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modern humans. Therefore, studying physical activity in animal models has become an
indispensable tool, promoting our understanding of activity and disease. These animal based
experiments can be broadly categorised into two groups: forced (such as treadmill running or
swimming), or voluntary models (such as free-roam tracking or wheel running), both of which
possess unique features and potential outcomes. Forced methods remain the predominant choice
due to greater impacts on physiological phenotype, likely reflecting a higher degree of stress
adaptation. In addition, there may be a preconception - albeit likely false - of improved
reproducibility and degree of control (Eisenmann et al., 2009; Knab et al., 2009c).

Animal physical activity studies can be broadly categorised into: forced, where the handler defines
activity parameters such as time, duration, intensity and mode of exercise; and voluntary, where
the handler is a mere observer of an animal acting on its own volition in an environment. Both
types of activity have contributed significantly in both psychological and physiological sciences,
from behavioural aspects such as learning, addiction or anxiety, to understanding metabolic
mechanisms such as redox, insulin signalling, or growth and repair. Although physical activity
studies have been undertaken across varied animal species, the scope of this review will be limited
to focus on the two of the most commonly used animals in biomedical research: the mouse and
the rat.
Both forced and voluntary exercise models have their own merits in research, with voluntary
activity traditionally useful for behavioural or neural studies, and forced activity better known for
analysis of physiological adaptations. Each has advantages and disadvantages. High or chronic
levels of stress with forced activity regimes may be potentially detrimental to the overall health of
the animal, although acclimatisation or the effects of training can counter potential negative
effects. Alternatively, voluntary wheel-running has been demonstrated to possess advantages
including enhanced longevity and disease resistance, with anti-inflammatory and anti-oxidant
effects, circadian rhythm modulation, and an intermittent form of activity much more akin to the
real-world settings. However, it is important to note that evidence suggests that wheel running
behaviour is nonetheless something of a laboratory-environment artefact, as daily activity far
exceeds normal free-roam activity in the wild. Even when reporting results of the two most
common animals used in biomedical research, the mouse and rat, activity phenotypes are clearly
not only species dependent, but are influenced by certain strain, gender and experimental
conditions.
Currently, there are several activities that animals such as rodents are subjected to experimentally:
free-roam activity, voluntary wheel running, motorised treadmill running, and swimming.
Phenotypes of the animals used are important considerations, with the advent of genetically
modifiable strains, and the use of aged or diseased models. Studies determining exercise-induced
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cardioprotective mechanisms have predominantly used forced methods such as treadmill running
or swimming over voluntary activity, possibly due to perceptions of greater control (e.g. treadmill
running allowing for control over intensity and speed) and reproducibility, although such notions
have been challenged (Knab et al., 2009a). Categorisation of activity intensities has been adapted
from the human model, with most studies fitting into low (<50% VO2 max), medium (>55% VO2
max) or high intensity (>75% VO2 max) activities. Ultra-high or supra-maximal studies (>85% VO2)
may also be implemented to test specific hypotheses.

The different physiological and psychological stresses imposed by different activities can result in
a range of phenotypic outcomes. Whether due to a higher intensity such as maximal treadmill
running, or the behavioural fear of drowning and the stress associated with swimming, the release
of glucocorticoids and corticosterone can be a useful measure of how ‘stressful’ the activity regime
is (Sasse et al., 2008; Sauro et al., 2003). As observed in human studies, it appears that many
physiological adaptations are intensity dependent. Abete and colleagues were able to show that 6
weeks of forced-swimming increased catecholamine activity, and was able to enhance ischaemic
preconditioning compared to age-matched controls (Abete et al., 2000). Comparisons between
forced and voluntary activity testing fatigue resistance in skeletal muscle show select effects of
forced treadmill activity (Jeneson et al., 2007). It is also likely that gene and protein changes can
be better observed in forced activity models owing to presumably greater loads on the heart, and
oxidative stress associated with higher demand activities (Mann et al., 2010). More recently
however, there is increasing agreement that voluntary wheel running can contribute importantly
to the cardiovascular and exercise science fields. For example, an international group of exercise
genomics investigators identified the discovery of quantitative trait loci of voluntary wheel-activity
characteristics as one of the breakthrough findings of 2010 (Hagberg et al., 2011). Voluntary wheel
running is generally classed as a low-to- moderate intensity activity, and has the specific benefits
of allowing animals (predominantly rodents such as rats or mice) to be active at their own free
will, following their natural diurnal pattern.
Currently, few studies have directly compared forced and voluntary activity models, so the relative
extent of protection each mode of activity provides is unclear. One study by Narath et al. showed
that voluntary wheel running mice lived longer compared to their treadmill running counterparts
(Narath et al., 2001), though wheel running has been shown in other studies to increase median
but not maximum lifespan (Bronikowski et al., 2006). In general, both wheel running and forced
modes such as swim training improve survival following simulated I/R due to improved vascular
density and adaptations to stress and energy metabolism (De Waard et al., 2009; Freimann et al.,
2009; 2005). It is worth noting that positive physiological adaptations observed in both forced and
voluntary activity models may be species specific, and must be ultimately tested in the human
population. For example, wheel running is generally seen as a positive stimulus in mice, but in rat
studies, when combined with caloric restriction, chronic activity can produce abdominal ulcers;
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an indication of abnormal stress levels (Altemus et al., 1993). In forced swimming, again, mice
seem to benefit from a particular protocol (Taniike et al., 2008), but in rats some studies report
failure of swim regimes to produce phenotypic advantage (Harri & Kuusela, 1986).
After all, the mouse has evolved over an extended period of time to allow the continuance of
certain behaviours such as intermittent running (Girard et al., 2001). It has been demonstrated that
forced exercise of such mice can overactivate the hypothalamic- pituitary-adrenal (HPA) axis and
raise various stressors such as plasma corticosterone levels, catecholamines, heart rate and blood
pressure that may actually be detrimental to the animal (Davidson et al., 2006; Malisch et al.,
2009; 2007). Reduction of stressors also enhanced rate of learning, increased motor coordination
and neurogenesis (Aberg et al., 2008; Adlard et al., 2005). Furthermore, numerous studies have
shown the antidepressant and anxiolytic effects of voluntary activity (Duman et al., 2008; Moraska
and Fleshner, 2001) and even reversal of the effects of a particular stressful event (Greenwood et
al., 2007).
1.9.1!

Voluntary Wheel-Running

Voluntary activity observed via wheel-running has been performed in modern scientific
experiments for over a century (Sherwin, 1998). The long history of this technique utilised in almost
every facet of biological research is due to the remarkable aptitude of rodents to willingly run.
Numerous species have also been tested for voluntary wheel-running capabilities, although most
experiments involve either the mouse or rat. It is not uncommon for mature-aged wild-type strains
to exceed 10 kms per day after 4 weeks of training (Duman et al., 2008; Werme et al., 2002).
Although no quantitative studies have been found during the preparation of this review, such daily
activity is seen as exceeding normal levels in the wild (Moro and Morris, 2000). Experiments
involving wheel-running in mice demonstrate almost universal benefit, whilst excessive activity
has been shown to elicit some negative effects in rats. It seems that rats are more susceptible to the
detrimental nature of stress in wheel-running, shown by its greater propensity to increase levels of
heat shock proteins (which mice rarely up-regulate in wheel-running) and pro-inflammatory
markers. The activation of the hippocampal-pituitary axis (HPA) can result in chronic elevation of
corticosterone, and hypertrophy of the adrenal and splenic glands. Abdominal ulcerations resulting
from chronic stress in rats can even lead to premature death (Sherwin, 1998). However, as seen in
forced activity models, the elevated corticosterone/HPA typically normalises with 5 weeks of
wheel running (Fediuc et al., 2006). The claim that forced activity results in highly-reproducible
activity, whilst voluntary free wheel-running results in high variability is also a common
misconception, as multiple studies have shown that activity from wheel-running is both
reproducible and at levels similar to forced methods (Eisenmann et al., 2009; Knab et al, 2009).
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The peculiarity of this behaviour does, in some respect, differ greatly from the majority of the
human population, but it also highlights major determinants in the behavioural and biological
aspects of physical activity. To date there is no overwhelming consensus that allows adequate
explanation or definition of the purpose of excessive voluntary activity by captive animals
(Sherwin, 1998). It is also important to note that the quantities of running are predominantly
observed in inbred strains such as C57Bl/6, even though they have highly diverged from variants
found in the wild and are presumably more adapted to the sedentary lifestyle of standard laboratory
conditions (Wotjak, 2004). Furthermore, the study of male and female animals consistently shows
that the latter perform better in both voluntary and forced methods (Kemi et al., 2002; Konhilas et
al., 2004). Selective breeding in a laboratory setting show mice are able to run distances more
than double than their wild-type counterparts (Rhodes et al., 2000). These mice achieve increased
wheel running ability due to a higher running speed in a much more efficient manner, rather than
running for a longer period. These studies have allowed a deeper understanding of evolutionary
changes, such as trade-offs in lifespan that may occur with selective breeding of certain
phenotypical attributes (Swallow et al., 2005; Vaanholt et al., 2010). Such is the interest in
determining wheel-running activity that, in 2010, leading exercise genomics experts included a
study determining the quantitative gene loci of high wheel running among the most important
findings of the year (Hagberg et al., 2011).

1.9.2!

Wheel-Running Effects

In support of enriching animal environments in the laboratory, wheel-running induces numerous
beneficial effects, promoting its use in various studies relating to both animal welfare and the
treatment/management of chronic disease (Bronikowski et al., 2002; Olsson and Sherwin, 2006).
Wheel-running activity has been shown to improve metabolic function such as increased VO2
peak,

with

optimal

adaptations

in

skeletal

muscle,

such

as

increased

levels

of

phosphofructokinase, succinate dehydrogenase and citrate synthase (Davidson et al., 2006, Kariya
et al., 2004). One of the greatest benefits of activity is not only its preventive effect, but also its
therapeutic value in more difficult disease populations and the aged (Durrant et al., 2009, Fukao
et al., 2010). Beneficial effects have been observed in studies of chronic heart failure, muscular
dystrophy, genetically modified models of obesity, diabetes and spontaneous hypertension
(Chicco et al., 2005, Call et al., 2008, Ichinoseki-Sekine et al., 2009, Irani et al., 2005, Laye et al.,
2009, Hägg et al., 2004).

In the relatively few comparisons of voluntary and forced models, wheel running mice have
demonstrated better body composition, lower tumor incidence, and greater overall longevity,
despite greater variability of activity (Droste et al., 2009; Narath et al., 2001). These effects were
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observed in lifelong studies even though voluntary wheel running dramatically declined at 24
months or middle-age, for which anti-oxidant and anti-inflammatory effects are implicated as a
major factor (Judge et al., 2005, Avula et al., 2001). Another study of selected high-running mice
showed that lifelong wheel-running induced anti-ageing gene expression in the heart despite aged
mice not maintaining high levels of daily activity (Bronikowski et al., 2006). The clearest difference
between forced and voluntary modes is the effect on stress markers and related inflammatory
mechanisms. Chronic levels of stress, which in turn augment pro-inflammatory pathways, are
implicated in most chronic diseases today. The detrimental effects of forced activity and indeed,
in some wheel running rat studies, have a comparatively higher degree of chronic stress that may
be detrimental. Furthermore, forced methods often involve undue stressors (such as shock grids,
noise or air pulses in treadmills or fear of drowning in swimming) to encourage stable activity.
These experiments also rarely consider the natural circadian rhythm of these nocturnal animals,
typically inducing activity in daylight hours. Overall, such training adaptation in combination to
aversion to negative stimuli is observed in response to continual bouts, and therefore can still result
in enhanced phenotypes with a reduction of chronic stress.

Acute levels of stress such as those in voluntary wheel running have broadly been shown to be
beneficial, a biological trigger for growth, adaptation and development. After an initial acute
inflammatory response, wheel-running is generally anti-inflammatory and anti-oxidant, increasing
serum antioxidants without altering lipid peroxides and protecting immune cells against
spontaneous apoptosis and oxidative stress (Avula et al., 2001). Tracking stress levels in rodent
models of forced and voluntary methods has allowed some explanation of divergent effects in
mouse or rat species, and across strains within a species (Lightfoot et al., 2001).

When we look at the substantial physiological evidence, we are given a clearer indication of the
benefits of implementing voluntary activity in scientific investigations. Studies have shown farreaching benefits such as increased longevity, neurological capacity and function, improved
metabolic capacity, exercise capacity, reduced stress levels, and skeletal muscle adaptations (Allen
et al., 2001; Davidson et al., 2006; Greenwood et al., 2012; van Praag et al., 1999). In any case,
the activity does not entail the stressors of forced 'exercise' such as forced swimming or running
in response to electrical shock. Other benefits in voluntary activity relate to immunological
parameters and circadian rhythms; active mice have significantly lower percentages of CD4 and
CD8 compared to controls, and enrichment of cages did not affect the standardisation, nor
adversely influence the variability of physiological parameters in results, but actually improved
them by normalising circadian pattern (Edgar and Dement, 1991; Marashi and Norbert, 2004;
Yamanaka et al., 2008). Mice also expressed physiological benefits in regards to aerobic capacity
(Allen et al., 2001); while Waters et al. demonstrated a 2-fold increase in capillary density and
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capillary-to-fiber ratio in skeletal muscles of mice undertaking 4 weeks of voluntary activity
(Waters et al., 2008).
The wheel running model has also been implicated in improving insulin sensitivity and weight loss
(Irani et al., 2005). Studies investigating life-long implementation of voluntary exercise
demonstrate numerable advantages as well. Active mice selected for voluntary exercise deferred
senescence compared to their sedentary counterparts by possibly reducing oxidative cell damage
(Bronikowski et al., 2002), as exercise upregulated telomere stabilising proteins (Werner et al.,
2008). By providing an environment that allows voluntary movement without the stress of forced
activity, it is expected that this method can reduce the abnormalities associated with forcedexercise, as it does not activate the HPA axis or stressors, and give us a clearer indication of actual
changes that may occur in a real-world setting (Iemitsu et al., 2006). Furthermore, this approach,
combined with genetic studies on brain tissue, may enable us to elucidate the behavioural
underlyings for the motivation or propensity to be voluntarily active, which is not possible in
forced-activity models (Olsson and Sherwin, 2006; Rhodes et al., 2003).

1.9.3!

Genetically-Modified Animal Models and Running

The advent of genetically modified animal models such as gene knockout (KO), overexpression or
phenotype selection, has been a major catalyst in progressing biological research. Popular models
include pathological models such as obese or diabetic mice, or physiological models in which
animals are selected for high aerobic capacity (Oh et al., 2007; Swallow et al., 1998). Animal
physical activity has been shown to be beneficial in terms of cardiovascular risk profile and
resistance to ischaemia-reperfusion in a number of genetically modified models such as the
spontaneously hypertensive rat (Elrod et al., 2010), Otsuka Long-Evans Tokushima fatty (OLETF)
rats and melanocortin-4 KO mice (Bi et al., 2004; Collins, 2004; Irani et al., 2005; Laye et al.,
2009), although this is dependent on the genetic model, as some observe no overall effect (Yuan
et al., 2004).
Due to wheel-running being a novel and, importantly, volitional mode of activity, many studies
involve the use of mice or rats selected over many generations for high wheel running behaviour.
Such mice generally run up to 3 times more than unselected controls. Established in 1992, the
selected breeding program begun by Theodore Garland Jr’s lab has generated over fifty generations
(by 2009), although average running quantity has not increased since generation 16 (Meek et al.,
2010). These studies have generated much information in relation to activity behaviours,
musculoskeletal adaptations, blood lipid profiles and stress/corticosterone responses (Allen et al.,
2001; Rhodes et al., 2001)(Allen et al., 2001; Rhodes et al., 2005; Vaanholt et al., 2008; Waters
et al., 2008). It is noteworthy that there may be other unwanted outcome with selective breeding.

50

For example, although selected female mice live longer than controls when provided with a
running wheel, male mice on average lived 100 days shorter than exercised controls (Vaanholt et
al., 2010). Further study in this phenotype shows that these mice have a higher baseline level of
corticosterone than wild-types throughout the lifespan, although LPS treatment showed that the
immune response was not affected (Kelly et al., 2012).

1.9.4!

Running and Inflammation, Ageing & Disease

The field of immunological function and its modulation with physical activity is one of interest in
contemporary medical research. Inflammation is aetiologically linked to the pathogenesis of
almost all chronic and infectious disease, from CVD to colon cancer, dementia to depression
(Pedersen and Saltin, 2006). It is believed that chronic low-grade inflammation is a causative risk
factor in these disease states, with common cytokines such as IL-6, TNF-α, C-reactive protein
implicated. Physical activity acts as a regulator in pro-inflammatory fat mass accumulation by
decreasing excessive adiposity and improving blood lipid profile, reducing LDL cholesterol and
triglycerides, while increasing levels of beneficial HDL cholesterol.
Physical ageing is caused by accumulative changes/dysfunction over lifespan, and has been linked
to an interplay between oxidant damage and antioxidant defenses. However, it is now clear that
multiple forms of cell damage/dysfunction accumulate and contribute to the ageing process, with
oxidant damage and the free radical theory of ageing now only a single element in a complex
process. There is an appreciable age-related decrease in cardiac tolerance to oxidative stress and
acidosis (Abete et al., 1998; 1999). Like most biological ‘work’, physical activity creates oxidants,
or reactive species, that potentially cause stress and damage to tissues. However, the concept of
hormesis supports the notion that physical activity and sound diet can counter oxidative free
radicals, and as a result, exercise may have an overall net antioxidant effect (Ji et al., 2010). Many
studies claim that activity indeed protects, or even reverses, the aging process, including within
the heart and skeletal muscle (Menshikova et al., 2006). What is currently unclear are the
conditions upon which exercise can or must be performed. As mentioned previously, adherence
rates to minimal exercise requirements are poor, which questions whether it is the human
condition or environment that induces such reluctance, or a mere by-product of ageing. Indeed,
current understanding suggests the answer lies somewhere in between. In terms of lifespan, rodent
activity increases the median, but not maximum lifespan (Bronikowski et al., 2002; 2006).
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1.9.5.1 Running and Cardiovascular Disease

Advances in cardiovascular medicine would not be possible without the use of animal model
experimentation. The ischaemia-reperfusion field is particularly dependent on in-situ and isolated
heart preparations in animal models to study tissue-specific changes. Ischaemic cardiovascular
and cerebrovascular diseases remain the greatest cause of death and morbidity worldwide. Wholebody effects of activity on the heart, brain, and associated vessels are of value, and have been
assessed widely in humans, but we lack the molecular understanding of many of these processes.
Physical activity improves not only vascular and endothelial function, but also improves blood
lipid profiles, and induces positive structural adaptations such as physiological hypertrophy of the
heart and skeletal muscle. Even in the instance of an ischaemic event, exercise has a
preconditioning effect that attenuates severity via multiple signal transduction pathways
(Yamashita et al., 2001; Taylor et al., 1999; Quindry et al., 2005; Noakes et al., 1983). Exerciseinduced protection from ischaemic disease had been known in swim-trained rats even before the
discovery of the preconditioning phenomenon in 1986 (McElroy et al., 1978; Murry et al., 1986).
Forced activity such as high-intensity treadmill running and swimming are commonly used to
induce physiological hypertrophy (Kaplan et al., 1994; Mann et al., 2010; McMullen et al., 2003),
and there have been efforts in standardising such protocols for improved reproducibility (Kemi et
al., 2002). Most wheel running studies of mouse hearts have shown that no physiological
hypertrophy occurs due to the intermittent nature of the exercise, however some studies show
significant heart to body mass changes after 2 weeks (Allen et al., 2001). A 2008 study by Eisele
et al. demonstrated that, although cardiomyocyte number and volume did not change after 4
weeks of voluntary wheel-running, there was an increase in total number and volume of
mitochondria in the left ventricle (Eisele et al., 2008). In rats, the presumed higher stress that
voluntary wheel running provides does elicit physiological hypertrophy with both short- (6-weeks)
and long-term (14-weeks) running (Natali et al., 2001; 2002). In a study of selected high-running
mice, Belter et al. found that HSP72 only increased in skeletal muscle and not in organs such as
the heart, thus acting as an indicator of relative stresses of certain regimes in different animals or
body compartments (Belter et al., 2004). The higher stress involved in steady-state, moderate, or
high-intensity forced regimes may upregulate classical protective mediators, such as heat shock
proteins and antioxidants. Important work with rats running on treadmills at 55-60% (moderateintensity) and 70-80% (high-intensity) VO2max showed an intensity-dependent relationship for
HSP70/72 expression (Esposito et al., 2011; Milne, 2002), although physiological outcomes did
not significantly differ (Lennon et al., 2004b).
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1.9.5.2 Exercise and Cancer

As life expectancy increases in most countries, the incidence of cancer also increases. The
accumulation of data since the early 1990s suggests that regular, sustained, physical activity
protects against some forms of cancer; particularly colon cancer, female hormone related cancers,
and obesity related cancers (Azar and Lyons, 2009). Physical activity is second only to energy
intake of food in its influence to body weight, and indeed caloric restriction itself is equally
regarded in terms of cancer prevention, incidence and recovery (Hocman, 1988). There is also
evidence of benefits in terms of cancer recurrence (Fairey et al., 2002). The potential mechanisms
have not been fully elucidated, however, activity effects on the innate immune system and ROS
are believed to be involved. The innate immune system is a first line defence against infection,
which can promote cancer, and counters it by eliminating malignant or autoreactive cells.
Together with ROS upregulation, acute shifts in immune function during physical activity enable
an exercise-induced adaptation that enhances protective capabilities (Radak et al., 2008b).
Epidemiological studies indicate that moderate levels of physical activity are beneficial, with
decreased all-cause mortality rates, as acute bouts of inflammation result in an overall enhanced
immune system by upregulating anti-inflammatory mechanisms (Gleeson et al., 2011; Pedersen
and Saltin, 2006). Conversely, overtraining, or exhaustive activity, may actually reverse any
beneficial effects due to suppression of the immune system, as illustrated by Woods et al. who
forwarded the ‘Inverted J Hypothesis’ (Fairey et al., 2002).

1.9.5!

Exercise and Energy, Growth and Metabolism

Mammals expend energy in a variety of functions including basic cellular maintenance and repair,
digestion, thermoregulation, locomotion, growth, and reproduction (Garland et al., 2011). The
metabolic effects of physical activity also exert key influences in preventing deterioration caused
by disease, ageing, and inactivity, whilst enabling optimisation of physiological function and
control mechanisms. A sound homeostasis between energy intake and expenditure is important,
as skeletal muscles are stimulated for greater insulin sensitivity, glucose uptake, hypertrophy and
contractile protein expression shifts (Dumke et al., 2001, Lemieux, 2005, Allen et al., 2001,
Guderley et al., 2008), and also reducing adipose tissue and associated inflammation (Bradley et
al., 2008). As stated previously, physical activity such as voluntary wheel running, is highly energy
efficient. Selected mice which run more than 16 km/day have been estimated to have an energy
cost of 1 kJ/km, or 5% of total energy expenditure (Vaanholt et al., 2007). Exercising mice
consistently demonstrate increased levels of food consumption, and in contrast to the average
human, food substrate plays a key role in regulating physical activity, as mice selected for high
wheel running show that a high-fat diet intervention increases running beyond

previously
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established limits (Meek et al., 2010). Other studies with healthy rats show activity beneficially
alters leptin signalling, and reduces consumption of more palatable high-fat diets (Scarpace et al.,
2010).

One obvious solution to the growing obesity and chronic disease burden has been to reduce
caloric intake. However, it is clear that severe caloric restriction (CR), often on the order of 30%50% food reduction in experimental conditions, is difficult to maintain voluntarily in humans
(Peart et al., 2012; Weiss and Fontana, 2011). There is also a greater risk of malnutrition due to
lack of essential vitamins and minerals, and other problems may arise in the target population (e.g.
the sick or aged), as CR can exacerbate lean muscle wastage - an undesirable outcome. A
comparison study by Rector et al. showed that exercise and CR had similar effects in hepatocyte
metabolism, but exercise had an additional benefit on glucose homeostasis and hepatic
mitochondrial function (Rector et al., 2011). Glucocorticoids involved in insulin-resistance are
also reduced with wheel-running (Coutinho et al., 2006). Dietary restriction did not augment
spatial memory formation or hippocampus brain derived neurotrophic factors (BDNF) levels,
whereas voluntary wheel running does (Khabour et al., 2009).

1.9.6!

Behaviour & Neurological Effects

The benefits of physical activity on the brain range from: 1) anti-depressant and anxiolytic effects;
2) improvements in learning, memory & neurogenesis; and 3) prevention of neurodegenerative
diseases. These benefits have been identified in epidemiological studies, while animal experiments
have enabled greater ability to determine the biological basis of such effects. Both forced and
voluntary activity regimes in animal experiments have been used, with certain protocols more
suited to particular diseases/conditions (Leasure and Jones, 2008).
Exercise is a naturally rewarding behaviour, however it seems that, for much of the population,
this reward effect is insufficient to reverse the current physical inactivity problem. Not only does
the contemporary lifestyle make this a much difficult task, but quantitative trait loci (QTL) studies
have identified markers that appear to promote running in animals, though currently there is no
clear explanation why these mice voluntarily run exceptionally more than their wild counterparts,
except that the wheel itself is a laboratory artefact (Sherwin, 1998). Enhancing physiological
parameters via erythropoietin administration did not increase wheel running (Kolb et al., 2010),
adding further proof of the importance of psychological/behavioural determinants of the desire to
exercise. It is worthy to note, however, that this compulsion of rodents to run does not persist
throughout their entire lifespan, with lifelong observations demonstrating that voluntary activity
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dramatically decreases by middle age in mice, and even earlier in rats (Bronikowski et al., 2002;
Judge et al., 2005). Nevertheless, multiple beneficial effects persist in terms of increased median
lifespan and improved brain health. Upregulation of post-translational brain derived neurotrophic
factors (BDNF) with 4 weeks wheel-running has been shown to be anti-depressant, and to improve
learning capability (Sartori et al., 2011), with MAPK signal transduction potentially involved in
these psychological benefits (Duman et al., 2008). Wheel-running mice also exhibit less anxiety
and depressive symptoms, and indeed are more capable of coping with repeated bouts of stress
(Greenwood et al., 2009; Sasse et al., 2008). Several lines of evidence demonstrate the important
role of dopamine, in addition to other neural signaling networks (e.g. the endocannabinoid of the
dopamine system), in regulating motor movements of voluntary activity (Knab et al., 2009).
In both forced and voluntary forms of activity in captive animals, the issue of repeatability and
reliability is of primary importance. Furthermore, when attempting to translate results to the realworld or human population, neither of these popular methods can lay claim to being more akin to
human physical activity habits, nor even what is observed in the rodents natural state in the wild.
There is a perception that the enforced nature of treadmill running, where the speed, gradient, and
duration of activity bout is controlled, entails greater repeatability and reliability. Indeed, many
have reported fluctuations in daily voluntary wheel running (Eisenmann et al., 2009; Narath et al.,
2001), although this has been shown to not adversely impact phenotypic outcome. In contrast,
one comparison study utilising a relatively large cohort (n=739) showed a lack of consistency in
weekly treadmill endurance tests, and in contrast, improved correlations were seen in wheel
running groups (Knab et al., 2009c).
The behavioural component of exercise is important when considering whether to employ
voluntary or forced protocols. The question lies in between whether it is more beneficial when it
promotes psychological wellbeing as seen in voluntary exercise, or perhaps higher-intensity forced
modes can activate additional protective mechanisms that are more resistant to de-training. Direct
comparisons between forced and voluntary models are also made difficult, in that there is currently
a lack of standardisation of protocols in either environment. For example, most studies
implementing forced-activity protocols only train in single daily bouts lasting one or two hours in
daylight, disregarding the nocturnal habits of rodents, and not allowing for the benefits of
environmental enrichment, nor the potential effects of circadian rhythm that wheel running
provides (Edgar and Dement, 1991). Conversely, variations in voluntary wheel running between
species and strains are evident, as mentioned previously. Additional variables include the age of
introduction to running wheel stimulus, resistance/friction of running wheel rotation, and the lower
fidelity of data capture systems such as reed-switch activated bike computers, which are
commonly collected in 24 h sections (Konhilas et al., 2005). However, when wheel-run/treadmill
mice were matched, it was found that although mice ran the same amount, the wheel-run mice
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ran in less time via a characteristic high-intensity, intermittent, spontaneous running (Leasure and
Jones, 2008).
Although animal exercise has been studied for many years, and still remains a popular choice
today, there are still some unknowns in both voluntary wheel running, and forced activity. Firstly,
it is unclear as to the classification of wheel running in terms of intensity (i.e. VO2 max), with
anecdotal evidence indicating that it is generally a non-exhaustive, intermittent, moderate-to-high
intensity mode of endurance activity, which is found to be most energy-efficient (Edwards and
Gleeson, 2001; Gleeson and Hancock, 2001).

1.10! Summary

It seems that the extraordinary progress in both fields of cardiovascular science and cellular
exercise science research have coexisted rather independently over the last thirty years, yet have
reached a convergence point in cytoprotective signalling and mitochondrial modulation. By
undertaking exercise studies through the focused lens of cardioprotection, we may be better
equipped to understand the multitude of molecular impacts of exercise.
Highly studied mechanisms such as antioxidant pathways, heat shock proteins, and nitric oxide
all have previously shown potential in development of adjunctive therapies, yet each one has been
shown to be inessential for protection (Hamilton et al., 2001). Many promising pharmacological
interventions, such as adenosine, erythropoietin, protein kinase C-δ inhibitor, atorvastatin, atrial
natriuretic peptide, and antioxidant supplementation, among others, have also demonstrated
equivocal outcomes in reducing infarct size, especially when it is tested in aged or diabetic
patients; groups that are most susceptible to heart disease (Hausenloy et al., 2010; Peart and
Headrick, 2008; Sack and Murphy, 2011).
Exercise improves coronary and peripheral endothelial function, blood lipid profile, induces
structural adaptations such as physiological hypertrophy, and upregulates numerous protective
mechanisms against ischaemia or oxidative injury (Duncker and Bache, 2008; Frasier et al., 2011;
Thijssen et al., 2009). Conversely, the cardioprotection field, which suffers an 'applicability' issue
regarding the general population, can delineate a more real-world application when combined
with an understanding of exercise biology. A major focus of this doctoral study is the investigation
of physical activity as a form of cardioprotective preconditioning. What is becoming increasingly
evident is that transient ischaemia-reperfusion in classical preconditioning activates multiple
protective processes in a rather dynamic, yet systematic manner (Lochner et al., 2009).
Characterising the voluntary wheel running model in mice, and comparing the model to others,
will enable a deeper understanding of how protective signalling systems function in a collective
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and hierarchical manner.
Still be resolved include such fundamental questions as the identity of the molecular pathways
mediating protection, the dose-dependence of exercise protection, efficacies of differing forms of
activity, the mechanistic basis of inactivity effects. Several of these outstanding issues will be
addressed in this doctoral work.
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2!
METHODOLOGY
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2.1!

Project Aims and Hypothesis

The major overarching hypothesis of this doctoral work is that exercise or physical activity
effectively conditions the myocardium in a manner akin to classical preconditioning phenomena,
up-regulating cardioprotective pathways and RISK activity. Conversely, reductions in activity may
lead to under-activation or expression of such signalling. Secondary questions and areas addressed
include the importance of exercise mode and duration on cardiac phenotype/cardioprotection,
and effects of exercise on non-cardiac tissues and systemic inflammatory/immune function.
This thesis thus describes work under 4 inter-related aims:
i)!

Explore myocardial adaptations to voluntary activity at the level of transcriptomic
re-programming (Study 1)

ii)!

Test the hypothesis that beneficial effects of activity, and conversely the detrimental
effects of inactivity, involve shifts in expression/activation of receptor-coupled
cardioprotective signalling elements implicated in conventional preconditioning
responses (Study 2)

iii)!

Examine the importance of exercise mode and duration on cardioprotection

iv)!

examine the systemic and immuno-inflammatory impacts of activity in these models
(Studies 3 and 4)

STUDY 1: Cardioprotection and whole genome expression with short-term voluntary wheel
running
Examine shifts in gene and protein expression of short-term/acute voluntary wheel-running
in mice, and measure cardioprotective effect.
a)! Determine if low-stress voluntary wheel running is sufficient to enhance
cardioprotective capacity.
b)! Investigate whole transcriptome changes via microarray interrogation, and test for
involvement of pro-survival signalling pathways.
STUDY 2: Effects of training, de-training, and re-training on cardioprotection and RISK signalling
a)! Test the sensitivity of cardiac phenotype (ischaemic tolerance) to short-term increases
and reductions in voluntary activity
b)! Determine whether shifts in cardiac stress-tolerance involve opposing shifts in a
common suite of preconditioning-related signalling pathways.
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STUDY 3: The cardioprotective effects of short and long term voluntary wheel-running
a)! Investigate differences in protection of the heart with short-term (2-, 7-days) and longterm training (14-, 28-days) of voluntary wheel-running.
b)! Test gene, protein, and biochemical differences between each of the aforementioned
groups to explain differences in cardioprotection.
STUDY 4: Cardioprotective and systemic effects of forced-swimming in mice
a)! To determine whether a more intense, stressful exercise induces enhanced
physiological changes, and improved resistance to ischemia-reperfusion injury
b)! To determine the molecular underpinning behind the cardioprotection, if any is
observed.

Animals & Ethical Considerations

Animals
All investigations within this doctoral project were approved by and performed in accordance with
the guidelines of the Animal Ethics Committee of Griffith University MSC/04/07, MSC/10/11 and
MSC/04/13AEC, which is accredited by the Queensland Government, Department of Primary
Industries and Fisheries under the guidelines of The Animal Care and Protection Act 2001, section
757.
Male C57Bl/6 mice (Mus musculus) were obtained from two sources: University of Queensland
(QLD, Australia) for studies in Chapters 3 and 5; and the Animal Resource Centre (WA, Australia)
for studies in all other chapters. Animals were acclimated (at 23 ± 2°C) to 12:12-h light-dark cycles
and housed in standard conditions (in groups of four). Mice assigned for voluntary wheel-running
experiments are weighed, and transferred to individual wheel-running cages with wheels locked
for 2-3 days prior to commencement of the study.

Animal Exercise

Voluntary Wheel-running
Most animal exercise studies utilise forced activity methods such as treadmill running or
swimming, as there is a perception that voluntary activity may be suboptimal due to two primary
reasons: 1) intensity of activity stimulus may not be sufficient for measureable effect, and 2) the
voluntary nature of activity may result in unacceptable variance in phenotypic data. However,
numerous studies demonstrate that this is not necessarily the case, and in fact voluntary activity
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possesses many advantages over conventional means. The low-moderate intensity exercise which
is performed intermittently and voluntarily for hours per evening may better replicate both
physiological and real-world settings. Many studies have researched both the physical and
behavioural aspects of wheel-running mice and the large body of evidence suggests that wheelrunning is one of the best cage-enrichments for the psychological and physical health of a mouse
(Sztainberg and Chen, 2010). Due to the need to discern distances and times travelled by every
single mouse, animals are housed individually. Although commercial running wheels are generally
safe to use and mice will self-train without issue, extra precaution was taken via the use of ASCPA
certified solid-surface wheels (to prevent digits or tail being caught in wheel rungs).

Figure 2.1: Mouse wheel running cage configuration

Cage wheel configuration. 1a) wired bike computer, 1b) magnet, 1c) solid-surface running wheel,
1d) magnet sensor. 2a) food compartment, 2b) water bottle compartment, 2c) free surface area,
3a) magnet sensor. 3b) standard chow, 3c) drinking water. 4a) wired bike computer.

61

After acclimation to the animal holding facility, mice were weighed and separated into randomly
assigned individual cages (40 X 37.5 X 17.5 cm), and provided feeding pellets and water ad
libitum. This enabled complete standardisation regarding any confounders associated with
enrichment of cages, and is the basis of our comparison study between voluntary active and
sedentary control mice. Each mouse was provided with a solid-surface running wheel (model
Wodent Wheel, Transoniq, USA, 20 cm diam. X 6.5 cm wide). This was attached to one side of
the cage at a height that would allow entry and exit from the wheels at any given time, yet would
not be easily obstructed by bedding material. Solid-surface wheels were implemented to reduce
the incidence of possible injury observed when mice are given steel, runged wheels. Each
unlocked wheel was interfaced with a calibrated bike odometer (model BC-506, Sigma Sport,
Olney, IL, USA) to measure the distance (kms) and duration (hrs : mins) of voluntary running, upon
which velocity (m/s) can be calculated. A magnetic sensor wired to the bike odometer is affixed to
the cage edge, and a small magnet interfaced onto the outer rim of the wheel with strong epoxy
or silicone adhesive. Photographs of the model are presented in Figure 2.1.
The bike odometer was calibrated by programming the circumference of the running wheel, which
enables accurate records of number of wheel revolutions bidirectionally and time exercised via
the small magnet activating the magnetic reed switch sensor in close proximity. Information is
displayed on an output screen, and data was manually recorded by experienced laboratory animal
technicians who also monitor animal health and wellbeing daily, and track activity on digital
counters. Any physical activity outside the exercise wheel (and any movement made by the control
group) was not recorded, thus any significant differences between treatment and sedentary groups
(the latter also free to move within the cage itself) would likely be attributed to wheel-running
activity. Total running distances and durations were obtained at the conclusion of each
experiment. Cable ties were affixed on axles to prevent rotation to provide the experimental
sedentary controls.
Forced Swimming
The American Physiological Society’s Resource Book for the Design of Animal Exercise Protocols
was used to inform the design of the current swimming model (American Physiological Society,
2010). Swimming has been used in study of physiological hypertrophy and cardioprotective
phenotypes, inducing clear changes in cardiac myocyte size and mitochondrial size and number.
As swimming is not a voluntary activity, this submaximal/moderate intensity activity (continuous
for up to 90 mins per bout) may additionally cause acute stress to the animal, however, mice may
reduce stress after adapting to the stressful stimulus (Society, 2010). The methodology employed
by Taniike et al. was utilised, in which mice undergo swimming twice a day, for 10 minutes in the
beginning, and increasing in 10 min increments (to 90 min per bout) each day at 9 am and 3 pm
(Taniike et al., 2008). Physiological hypertrophy was clearly characterised by week 4, but may be
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observed as early as 1-2 weeks (Kaplan et al., 1994). A swimming pool was designed with a digital
immersion heat circulator (Ratek Thermoregulator Model TH-5; Boronia, VIC, Australia) affixed on
one side of a plastic storage container (48 L, 50 x 38 x 30 cm) to warm the pool temperature to
32°C. A curved vinyl barrier permitted heated water to circulate smoothly whilst preventing mice
from climbing out of the water. Total surface area of the swimming area was ~1900 cm2 with a
depth of 25 cm, enabling up to 12 mice to swim simultaneously while minimising interference
with one another. Water was renewed each day with fresh tap water, and swimming was
supervised at all times in a closed room in the animal facility, with the help of an assistant. If mice
showed signs of distress or drowning for more than 5 seconds, they were promptly removed from
the water, pat-dried with a towel, and placed inside conventional cages to recuperate.
Approximately 4-6 mice swim as groups at any given time to prevent overcrowding, and ensure
optimal monitoring of each animal. After completing an exercise bout, mice were removed
individually, gently pat-dried, visually inspected, and placed in a clean cage with passive heat
from a ceramic heat lamp reflector (Reptile One 150W, Australia) at 32°C until dry. Mice were
then replaced into their original cages.
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Research Procedures

Cardiac Physiology
Figure 2.2: Schematic of Isolated Mouse Heart Langendorff Perfusion Apparatus & IschaemiaReperfusion protocol

(A) A schematic diagram of the Langendorff model utilised in the experiment. (B) Diagram of
example values of left-ventricular developed pressure (with systolic and diastolic pressure) and
coronary flow in baseline-ischaemia (25 min)-reperfusion phases (45 min). (from Reichelt et al.,
2006)
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A Langendorff perfused mouse heart model was employed to assess baseline cardiac and coronary
function and ischaemic tolerance. Mice are anaesthetised with sodium pentobarbital (60 mg/kg
i.p.), the heart excised via thoracotomy and the aorta cannulated for Langendorff perfusion of the
coronary circulation, as described previously (Headrick et al., 2001; Reichelt et al., 2009). All
hearts are perfused at a constant hydrostatic pressure of 80 mmHg with modified Krebs-Henseleit
buffer bubbled with 95% O2/5% CO2 at 37°C (giving a pH of 7.4), and containing (in mM): NaCl,
119; glucose, 11; NaHCO3, 22; KCl, 4.7; MgCl2, 1.2; KH2PO4, 1.2; EDTA, 0.5 and CaCl2, 2.5.
Contractile function is monitored by a fluid-filled balloon inserted into the left ventricle and
inflated to generate an end-diastolic pressure (EDP) of approximately 5 mmHg. An ultrasonic flowprobe positioned proximal to the aortic cannula and connected to a T206 flow meter (Transonic
Systems Inc., Ithaca, NY) is used to measure coronary flow.
A thin pacing wire attached to an SD9 stimulator (Grass Instruments, Quincy, MA) is inserted
superficially along the ventricle to induce ventricular pacing at 420 beats per minute. An 8/s
MacLab system (ADInstruments Pty Ltd., Castle Hill, Australia) connected to an Apple iMac
computer is used to monitor all functional data at 1 KHz. Variables measured via digital processing
include peak systolic pressure, end diastolic pressure, + and – differential of ventricular pressure
development (dP/dt), coronary flow and heart rate. After a 20 min equilibration period, all hearts
(including control/sedentary groups) are switched to ventricular pacing at 420 beats per min for a
period of 10 min. Baseline measurements are then made, followed by 25 min of global
normothermic ischaemia and 45 min of aerobic reperfusion. Temperature is monitored and kept
constant throughout the perfusion, and ventricular pacing resumes after 2 min reperfusion. After
the initial equilibration period, hearts are excluded from the study if they meet one or more of the
following criteria: a) coronary flow above 5 mL/min (near maximal dilation or aortic tear), b)
unstable contractile function, c) significant arrhythmias or d) left ventricular systolic pressure below
100 mmHg. Coronary venous effluent throughout reperfusion is collected on ice for subsequent
enzymatic analysis of lactate dehydrogenase (LDH) content and determination of total postischaemic efflux. Murine hearts are promptly removed from the Langendorff apparatus, with any
remaining aortic tissue surgically removed prior to removing excess fluid by dabbing onto tissue
paper. The heart is then frozen in liquid nitrogen and stored in -80°C for subsequent analysis.
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Molecular Biology

Special Materials & Sources

PCR Primers
Details of primers for specific transcripts are provided in respective chapters. mRNA and genomic
sequences of a particular gene was sourced from NCBI Gene and uploaded in FASTA format to an
open-source GUI application, PerPrimer, for primer design (Marshall, 2007). Annealing
temperature was set between 59°C to 61°C (with a difference of 1°C), and the amplicon size was
defined between 75 and 150 base pairs. The software selects top candidates for forward and
reverse sequences that overlap an intron/exon boundary, and the lowest dG value. All custom
designed primers were sourced from Geneworks (Thebarton, SA, Australia) and IDT (Coralville,
IA, USA).

Gene Expression

Sample Preparation & RNA Isolation
All mice were anaesthetised after final voluntary exercise data was recorded (intraperitoneal
injection with pentobarbital sodium 60 mg/kg; Sigma Aldrich) and weighed prior to dissection.
Hearts were rapidly removed, washed in chilled phosphate buffered saline to remove residual
blood, then weighed and cryogenically frozen in liquid N2 to limit degradation. All cardiac tissue
was stored at -80°C until mRNA extraction.

qRT-Polymerase Chain Reaction Analysis

To confirm and quantify changes observed at the transcriptional level in response to voluntary
exercise, both genome wide analysis (microarray) and quantitative real- time polymerase chain
reaction (qRT-PCR) analysis - a highly sensitive, accurate and reproducible technique for
quantifying mRNA levels – were employed. Total RNA of ventricular tissue was extracted with
TRIzol Reagent (Invitrogen, Mulgrave, VIC) according to methods outlined previously, with some
minor adjustments (Ashton and Headrick, 2007). Tissue was homogenised with TRIzol Reagent
(100 mg tissue/ 1mL TRIzol) and glass dounce (Duall Size 23, Kontes, Vineland, NJ, USA) and a
23 G syringe. Total RNA was extracted via phase separation by chloroform, precipitated with
isopropanol, and washed with 75% (vol/vol) ethanol. Purification of RNA, to avoid ethanol
contamination was performed using the Qiagen Mini Kit, following manufacturer’s instructions
except with the omission of the first lysis buffer, as TRIzol was used instead of the proprietary
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buffer, yielding far superior results. Initially RNA samples quantification and purity was determined
via gel electrophoresis (by visual inspection of two rRNAs, 18S and 28S on 1%
formaldehyde/agarose gel) and spectrophotometry (measuring absorbance at 260 and 280 nm),
but was later tested via the Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Scoresby, VIC) due to increased sensitivity. Further tests of RNA integrity in the gene array studies
were undertaken using a Bioanalyzer 2100 (Aglient Technologies, Chatswood, NSW).
For qRT-PCR investigation, total RNA samples (1 µg) were converted to first-strand cDNA using
the SuperScript III First-Strand Synthesis Kit (Invitrogen, CA, USA). Opting for the non-specific
priming method, we used Random Hexamer primer (50 ng/µL) to ensure all the cDNA would be
amplified. The random hexamer primer and annealing buffer were incubated together with the
RNA for 5 minutes at 65°C, followed by incubation with a mixture of 2X First-Strand Buffer and a
Superscript III/RNaseOUT Enzyme Mix. The mixture was amplified in a Bio-Rad or Applied
Biosystems Thermocycler (Bio-Rad CFX96 Thermal Cycler, CA, USA; Applied Biosystems
StepOnePlus Thermal Cycler, Waltham, MA, USA) calibrated at 25°C for 25 min, 50°C for 50 min,
and 85°C for 5 min. The synthesised cDNA was immediately stored at -20°C. The mRNA
expression levels of specific genes were analysed with SYBR Green I intercalating dye probe using
the MyIQ and CFX96 thermocycler, and comparative CT analysis was undertaking using MyIQ
analysis software (Version 1.0) and CFX Manager Software (Bio-Rad, Hercules, CA, USA). The
expression of PGK1 rRNA ‘housekeeping’ gene was determined as an internal control comparator.
Each PCR amplification were to be performed in triplicate, using the following protocol: 1 cycle
at 95°C for 2 min, 45 cycles at 95°C for 15 s, 62°C for 1 min, 1 cycle 95°C for 1 min, 62°C for 1
min and 70 cycles 62°C for 10 secs.

Whole Transcriptome Micro-Array

Microarray analysis of cardiac ventricular tissue was outsourced to the University of Queensland
IMB microarray facility. Illumina Sentrix-6 BeadChips (>46,000 genes) were used to identify time
and activity-dependent transcriptomic re-programming of the cardiac transcriptome. For array
study, 12 RNA samples (7-day running and 2-day sedentary controls; n=6) diluted to specifications
were consigned to the facility for hybridising and array analysis. RNA was checked for purity and
concentration, then prepared step-wise as outlined in the Illumina Total Prep handbook, with
reverse transcription to synthesise first strand cDNA, second strand cDNA synthesis, purification,
in vitro transcription to cRNA, and finally cRNA purification. Once hybridised to Sentrix
BeadChips, the slides were washed and scanned on the BeadArray Reader to compute raw data.
After successful processing, data output files were analysed using open source R statistical
language and Bioconductor package (www.bioconductor.org) to prepare data for analysis.
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Variance stabilisation and data normalisation of the database of gene expression levels was
performed using the TM4 MeV Software Suite v4.4 (www.tm4.org), from which the ‘Significance
Analysis of Microarrays’ (SAM) algorithm generated datasets of differentially regulated transcripts
of 7-day voluntary activity vs. 2-day sedentary control (time-zero) time comparisons, with a
median false detection rate set at ≤5% (Tusher, 2002). Significant transcripts were divided into
either up- or down-regulated subsets. Functional annotation and pathway analysis was performed
via the Ingenuity Pathway Analysis suite and Database for Annotation, Visualization and Integrated
Discovery (IPA, Ingenuity, CA, USA). A sub-set of genes with putative functional significance was
selected for quantitative real-time PCR analysis to confirm expression changes.
Array data analysis. Illumina BeadArray expression values were variance-stabilised and robust
spline-normalised using the “lumi” package in R/BioConductor (http://www.r-project.org/). Data
were filtered to include only transcripts with detection scores ≥0.99 on at least two arrays before
importing into TIGR MeV 4.0 software for statistical analysis (19,916 bead types passed this
criterion). The Significant Analysis of Microarrays (SAM) algorithm was used to correct for multiple
comparisons and identify differentially expressed genes non-parametrically. Following 2-class
unpaired SAM analysis, genes with a fold-change of 1.3 and a false discovery rate (FDR) of 5%
were considered significantly differentially expressed. Differentially expressed transcripts were
functionally annotated using Ingenuity Pathway Analysis (IPA) v8.7 (Ingenuity Systems, Redwood
City, CA) to link exercise-associated genes in signal networks based on known molecule
interactions. IPA was used to identify the top biological and molecular themes on the basis of
overrepresentation analysis. Briefly, for each pathway, the fraction of differentially altered genes
within a path was compared with the fraction of total genes in that path. The probability of
involvement of the respective number of altered genes in the paths/networks was expressed as a P
value (values 0.05 considered significant).

Protein Expression
The Proteome Profiler membrane arrays (R&D Systems, City, Country) are rapid and sensitive
multiplex arrays for the simultaneous detection of multiple proteins/antibodies in a single sample.
Pre-selected antibodies categorised into various signalling pathways or mechanisms, such as
angiogenesis markers (Proteome Profiler Mouse Angiogenesis Array Kit, #ARY015, R&D Systems,
Minneapolis, USA) or phosphorylated receptor tyrosine kinases (Proteome Profiler Mouse
Phospho-RTK Array Kit, #ARY014, R&D Systems, Minneapolis, USA), are dotted onto specially
prepared membranes and visualised via a horseradish peroxidase (HRP) -conjugated detection
antibody and quantified using densitometry (Figure 2.3). Membranes are initially blocked with
proprietary buffer for 30 min, then loaded with 400 µg of tissue lysate in dilution buffer and
‘antibody cocktail’ and incubated overnight on a rocker. Membranes are then washed and
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incubated with Strep-HRP secondary for 30 min. Imaging was undertaken either with a NearInfrared LiCOR Odyssey scanner (if using IRDye® 800CW Streptavidin; 1:2000 dilution; LI-COR,
Catalog #926-32230) or a Western Blot ECL imager (Bio-Rad Chemidoc XRS) if using HRPStreptavidin (Femto). An advantage of NIR detection is that protein expression can be measured
over a much wider linear dynamic range compared to that in chemiluminescence methods.
Individual membranes were scanned (Resolution: 84 µm; Quality: Medium; Focus offset: 0.0 mm;
Intensity: 5) and adjusted for brightness and contrast (not affecting densitometry) on the Li-COR
scanner, or imaged at various exposures using chemiluminescence to obtain optimal images. The
positive signals on developed film are readily identified by placing a transparency overlay on the
array image and aligning it with the three pairs of positive control spots in the corners of each
array. The location of controls and capture antibodies is listed in the Appendix of each kit booklet.
For analysis, each membrane had 3x loading control “reference spots” located in the corners. Pixel
density (densitometry) of each spot was measured using Li-COR ImageStudio 4.0 software. Each
antibody is dotted in duplicate, with average values calculated normalised to the mean of the 3x
reference spots to account for differences across membrane, and compared to corresponding
signals on different arrays to determine relative change in protein levels between pooled samples.
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Figure 2.3: Proteome Profiler Arrays Layout & Analysis

(A)!
(B)!

The membrane-based antibody array detecting phosphorylation of 39 mouse
receptor tyrosine kinases simultaneously (Proteome Profiler Mouse Phospho-RTK
Array Kit, #ARY014, R&D Systems, Minneapolis, USA).
Analysis of cell lysates was performed within a single exposure for the parallel
determination of the relative levels of receptor tyrosine kinase phosphorylation using
densitometry software.
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Magnetic Luminex Screening Assay
Figure 2.4: Magnetic bead-based sandwich multiplex assay

This illustration summarises the major steps in the multiplex assay technology. The advantages are
primarily the ability of assaying multiple targets in a small volume of sample, an imperative when
only a small amount of mouse blood/serum/plasma could be obtained.
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The magnetic bead-based multiplex assay is a suspension array system that measures multiple
analytes in a single experimental run/cycle (Figure 2.4). The system consists of fluorescently dyed
microspheres (or beads), each with a distinct colour signature (spectral address) to permit
discrimination of more than 100 unique molecules (such as antibodies) in any given sample of a
single well (on a 96-well microplate). The biomarker of interest is then bound to the magnetic
bead, and secondary incubation with biotinylated detection antibody attaches to permit
straptavidin-phycoerythrin (SA-PE) conjugation. Phycoerythrin serves as a fluorescent indicator, or
reporter. A series of washes is undertaken to remove unbound protein, and then flow cytometry
with two dedicated lasers and optics is used to measure the quantity of molecules bound to the
surface of the beads. Advantages include analysis of very small samples, imperative due to the
small amount of mouse blood obtained, while assays can also be customised or grouped into
specific biomarkers/pathology and signalling pathway groups. Sample can be obtained from
serum, plasma, tissue lysate and other biological fluids.

After calibration of the Bio-Plex system and priming/washing, the packaged solution to create the
standard curve for each corresponding analyte was reconstituted with a four-fold standard dilution
and incubated on ice. All kit components containing beads and fluorescent dye were protected
from light. Samples were thawed on ice, and the coupled beads were added into the assay buffer
(protected from light). The plate is washed twice with assay wash buffer, then samples, standards,
blank, and controls were added and incubated for 1 hr at RT with orbital shaking at 300 RPM
protected from light. For tissue lysates, the protocol suggested a concentration range of 200-900
ug/mL protein. After three washes, detection antibody was added and incubated for 3 h at RT with
shaking at 300 RPM. For the last step, the previous step was repeated with the only change being
the addition of SA-PE instead of detection antibody, prior to re-suspension in assay buffer and the
plate being read using a Luminex-based reader (Bio-Rad Bioplex 200). A red (635 nm) laser
illuminates the fluorescent dyes within each bead to provide bead classification and thus assay
identification. Simultaneously, a green (532 nm) laser excites PE to generate a reporter signal,
which is detected by a photomultiplier tube (PMT). The read setting was Low PMT, RP1. A digital
processor manages data output, and the Bio-Plex Manager software presents data as median
fluorescence intensity (MFI) and as a concentration (pg/mL). The level of analyte bound to each
bead is proportional to the median fluorescence intensity (MFI) of reporter signal.
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Table 2.1: Key cardioprotective proteins implicated in preconditioning and reperfusion injury
signaling

PROTEIN

FUNCTIONAL DESCRIPTION

Proposed Dilution / Order
No. – Animal Source
(Company)

Molecular
Weight

Akt*

Activation via Phosphorylation is
cardioprotective. Downstream of
PI3K signalling

1:1000 / #9272 and #9271
(Ser473) - Rabbit (CS)

60

p44/42
MAPK
(ERK1/2)*

Activation via Phosphorylation is
cardioprotective.

1:1000 / #9102 and #4370
(Thr202/Tyr204) - Rabbit (CS)

eNOS*
AMPK-α *

GSK3β*

Activation via Phosphorylation is
cardioprotective. Downstream of
Akt
Master metabolic regulator,
Activation via Phosphorylation is
cardioprotective.
Inactivation via Phosphorylation
is cardioprotective

Key proteins involved in cell death mechanisms
Increases Autophagy, Decreases
Beclin-1
Bax
Pro-apoptotic, Downstream of
Bax
GSK3β
Anti-apoptosis, Downstream of
Bad*
Akt, ERK and P70S6K
Bcl-2

Anti-necrosis, Anti-apoptosis.
Reduce ATP Breakdown

1:1000 / #9586 (49G3) and
#9574 (Thr495) -Rabbit (CS)
1:1000 / #2603 (23A3) and
#2535 (Thr172)(40H9) Rabbit (CS)
1:1000 / #9315 (27C10) and
#9336 (Ser9) -Rabbit (CS)

1:1000 / #3738 -Rabbit (CS)

44/42

140

62
60

60

1:1000 / #2272 -Rabbit (CS)

20

1:1000 / #9292 and #5284 Rabbit (CS)

23

1:1000 / #2870 (50E3) Rabbit (CS)

26

Key proteins of interest identified in microarray
α-Actinin

Microfilament protein
differentially expressed in
microarray.

1:1000 / #3134 -Rabbit (CS)

MMP-2

Biomarker for reperfusion injury
differentially expressed in
microarray.

1:1000 / #4022 -Rabbit (CS)

64/72

Cav3

GPCR rich integral membrane
proteins. Differentially expressed
in microarray.

1:750 / #sc-5310(A-3) Rabbit (SC)

22

100

List of key antibodies/proteins to investigate with the protein-extracted heart samples.
*indicates the investigation of both total and phosphorylated forms of the protein.
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Western Blotting

Subcellular Fractionation
Changes in cytosolic or membrane expression of proteins was assessed via western
immunoblot analysis. Frozen cardiac tissue was homogenised using a glass dounce in lysis buffer
containing protease and phosphatase inhibitors and (in mM): MOPs, 20; EGTA, 2; EDTA, 5;
sodium fluoride, 30; β-glycerophosphate, 40; sodium tetra-pyrophosphate, 20; leupeptin, 0.01;
pepstatin A, 0.005; benzamidine, 3; phenylmethanesulfonyl fluoride, 1; and sodium
orthovanadate, 1. Samples were centrifuged at 4°C for 10 min at 700 x g to remove cellular debris.
To obtain a cytosolic fraction, samples were spun in an ultracentrifuge at 4°C for 90 min at 100,000
x g. Supernatant was collected as the cytosolic fraction and the pellet resuspended in lysis buffer
containing 0.1 % Triton-X to obtain a membrane fraction. Protein estimations were performed
using Pierce BCA Protein Assay Reagent kit to determine protein quantity per sample (Pierce
Biotechnology, IL, USA). Samples were stored at -80°C until analysis.

Electrophoresis
Tissue fraction samples (equal protein contents per well; 30 μg) were loaded onto a hand-cast 10
% acrylamide SDS-PAGE stacking and separating gel. For each gel, 3 μl Precision Plus Protein
Standard (Dual Colour) was included as a reference. Samples were electrophoresed in 1x SDSPAGE running buffer at 150-200 V for 60 min or until the loading dye reached the separating gel
using a Mini-PROTEAN II Electrophoresis Cell (Bio-Rad).
After 4 x 5 min washes with 1X TBST buffer (Tris-buffered saline with 1 % Tween 20) followed by
1 x 10 min wash in Tris-buffered saline, blots are incubated in the dark with secondary antibody.
Blots are visualised and analysed on a Li-COR Odyssey Infrared Imaging System (Millenium
Science, Mulgrave, VIC, Australia). Blot densities are normalised to internal standards on each gel.

Transfer and immunoblotting
Proteins separated in the SDS-PAGE gel were transferred onto a 0.2 µm low-fluorescence
polyvinylidene difluoride (PVDF) membrane (Merck Millipore, Billerica, MA, USA) at 75 V for 2.5
hr and blocked with Odyssey Blocking Buffer (Li-COR Biosciences, Lincoln, NE, USA) for an
additional 1.5 hr. After protein transfer, the PVDF membrane was washed with 3 x 5 min washes
with 1X TBST buffer (Tris-buffered saline with 1 % Tween 20) followed by 1 x 10 min wash in Trisbuffered saline and then blocked overnight at 4°C in blocking buffer with gentle agitation. The
membrane was then incubated with the primary antibody (1:1000 – 1:5000 dilution) overnight at
4°C with gentle agitation (Table 2.1). After 3 x 5 min washes with 1X TBST buffer (Tris-buffered
saline with 1 % Tween 20) followed by 1 x 10 min wash in Tris-buffered saline, the membrane
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was incubated with secondary antibody (anti-mouse or rabbit) conjugated to HRP (1:5000 dilution)
in blocking solution for 1.5 h at RT. After three additional washes with 1X TBST, blot membranes
were developed with ECL reagents (Pierce ECL Western Blotting Substrate, Thermo Scientific,
Waltham, MA, USA) and detected using the ChemiDoc XRS system (BioRad, Hercules, CA, USA)
or dried and scanned using the Li-COR Odyssey with ImageStudio software (Li-COR Biosciences,
Lincoln, NE, USA).

Statistical Analysis
All values are expressed as means ± SEM. Differences between groups were tested via a one-way
ANOVA (or t-test where appropriate), with either a Tukeys or Newman-Keuls post hoc test applied
when significant effects were detected. Significant differences were accepted for p<0.05. All data
analysis was performed using Graphpad Prism software.
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3!
VOLUNTARY RUNNING IN MICE
BENEFICIALLY MODULATES
MYOCARDIAL ISCHAEMIC
TOLERANCE, SIGNALLING KINASES,
AND GENE EXPRESSION PATTERNS
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3.1!

Abstract

Exercise may induce a hormesis effect, conditioning hearts against damaging consequences of
subsequent ischaemia-reperfusion (I/R). We test whether “low-stress” voluntary activity modifies
I/R tolerance and molecular determinants of cardiac survival. Male C57BL/6 mice were provided
7-day access to locked (7SED) or rotating (7EX) running-wheels before analysis of cardiac prosurvival (Akt, ERK 1/2) and pro-death (GSK3β) kinases, transcriptomic adaptations, and functional
tolerance of isolated hearts to 25-min ischaemia/ 45-min reperfusion. Over 7 days, 7EX mice
increased running from 2.1 ± 0.2 to 5.3 ± 0.3 km/day (mean speed 38 ± 2 m/min), with activity
improving myocardial I/R tolerance: 7SED hearts recovered 43 ± 3% of ventricular force with
diastolic contracture of 33 ± 3 mmHg, whereas 7EX hearts recovered 63 ± 5% of force with
diastolic dysfunction reduced to 23 ± 2 mmHg (P < 0.05). Cytosolic expression (total protein) of
Akt and GSK3β was unaltered, while ERK 1/2 increased 30% in 7EX vs. 7SED hearts.
Phosphorylation of Akt and ERK 1/2 was unaltered, whereas GSK3β phosphorylation
increased 90%. Microarray interrogation identified significant changes (≥ 1.3-fold expression
change, ≤ 5% FDR) in 142 known genes, the majority (92%) repressed. Significantly modified
paths/networks related to inflammatory/immune function (particularly interferon-dependent),
together with cell movement, growth, and death. Of only 14 induced transcripts, 3 encoded
interrelated sarcomeric proteins titin, α-actinin, and myomesin-2, while transcripts for protective
actin-stabilising ND1-L and activator of mitochondrial biogenesis ALAS1 were also induced. There
was no transcriptional evidence of oxidative heat-shock or other canonical “stress” responses.
These data demonstrate that relatively brief voluntary activity substantially improves cardiac
ischaemic tolerance, an effect independent of shifts in Akt, but associated with increased total ERK
1/2 and phospho-inhibition of GSK3β. Transcriptomic data implicate inflammatory/immune and
sarcomeric modulation in activity-dependent protection.
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3.2!

Introduction

Inactivity is one the most important risk factors for development of ischaemic heart disease and
also negatively impacts on post-ischaemic (or infarct) outcomes and mortality (Healy et al., 2008;
Stamatakis et al., 2011). Conversely, physical activity may arguably be the most clinically relevant
“cardioprotective” or conditioning stimulus for protecting myocardium from the damaging
consequences of ischaemia-reperfusion (I/R). Experimentally, exercise limits acute damage and
infarction (de Waard et al., 2010; Lennon et al., 2004b; Powers et al., 2008), improves subsequent
remodeling and later outcomes (De Waard and Duncker, 2009; de Waard et al., 2010), and is one
of few stimuli retaining protective efficacy in aged models (Starnes et al., 2003). How physical
activity enhances myocardial resistance to injurious insult, and the relevance of factors such as
exercise mode, intensity, duration, and frequency remain unclear. More fundamentally, it is not
known whether exercise-mediated cardioprotection reflects improvements in normal stressresistance vs. reversal of depressed stress-resistance stemming from chronic inactivity. Caged
laboratory animals are activity-limited (and nutrient surfeit) and in this respect mirror sedentary
“Westernised” humans whose energy balance has been drastically modified by availability of
calorie-dense nutrition, labour-saving devices, and abundant opportunities for sedentary behavior.
These factors contribute to ongoing global epidemics of chronic disease.
The mechanistic basis of exercise-dependent cardioprotection may vary across models and has
been linked to shifts in antioxidants, heat shock proteins, nitric oxide synthase, cyclo-oxygenase2, and pro-survival kinases (de Waard et al., 2010; Demirel et al., 2001a; Kavazis, 2009; Lennon
et al., 2004b). However, these mooted determinants can all be dissociated from exercisedependent protection (Ascensão et al., 2007; Belter et al., 2004; Hamilton, 2007; Hamilton et al.,
2001; Kavazis, 2009; Ke et al., 2011a; Taylor et al., 1999b), implicating other factors (and/or
signalling redundancy). Engagement of these mediators may arise from local activation of cell
surface receptors (including opioid or adenosine receptors) during exercise, and protection may
ultimately involve preservation of mitochondrial integrity, limiting permeability transition pore
opening, and countering related apoptotic processes (Ascensão et al., 2007; Kavazis, 2009;
Kavazis et al., 2008; Powers et al., 2008). Whether protective adaptations also occur within the
contractile apparatus, thus, preserving mechanical function, is not clear. Overall, cardioprotection
appears to arise via a complex array of potentially redundant mechanisms, including, but by no
means limited to, the above-mentioned candidates, and which may be dependent upon exercise
stimulus.
Protective adaptations with exercise are thought to reflect hormesis responses to associated stress,
likely oxidative in nature (Radak et al., 2008a), which potentially target mitochondrial control of
cell survival/death (Ristow and Zarse, 2010). In keeping with hormesis, cytoprotective outcomes
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in heart and brain more consistently arise with forced or prolonged interventions, whereas brief or
voluntary activities may less consistently induce protection (Hayes et al., 2008; Locke et al., 1995).
There is evidence of cardiac benefit with as little as 3–7 days of forced running in mice (Akita et
al., 2007) and rats (Lennon et al., 2004b), while single intense exercise bouts can modify relevant
protein expression (Musi et al., 2005), although there are conflicting findings regarding associated
protection (Locke et al., 1995; Taylor et al., 1999b). It is likely that both exercise intensity and
duration are important factors (Kavazis, 2009) and that a continuum of stresses (varying across
exercise stimuli) may contribute in a complex fashion, potentially generating specific protected
phenotypes in a stimulus-dependent manner. For example, forced and sustained activities could
involve effects of both “emotional” (neurohumoral) together with more direct exercise stressors.
Relatively few studies assess cardiac effects of voluntary exercise (De Waard and Duncker, 2009;
Eisele et al., 2008; Huey and Meador, 2008; Noble et al., 1999; Schweitzer et al., 2005), and
fewer still address brief voluntary activity (Konhilas et al., 2004). In the current study, the ability of
7 days of voluntary wheel-running, a relatively low-stress form of activity (Ke et al., 2011b;
Moraska et al., 2000; Noble et al., 1999), to improve cardiac ischaemic tolerance was assessed in
healthy male mice. The aims of the current study were to determine whether activity modifies
myocardial expression of kinases linked to cell survival (Akt, ERK1/2) and death (GSK3β) (Murphy
and Steenbergen, 2008), and to more broadly characterize potential transcriptomic adaptations
underpinning myocardial benefit via transcriptome-wide microarray analysis.

3.3!

Methods

All studies were approved by and performed in accordance with the guidelines of the Animal
Ethics Committee of Griffith University, which is accredited by the Queensland Government,
Department of Primary Industries and Fisheries under the guidelines of The Animal Care and
Protection Act 2001, section 757.
Animals and experimental design. Male C57BL/6 mice aged 8 wk and acclimated to 12:12-h lightdark cycles were housed (at 23 ± 2°C) in large individual cages equipped with running wheels
(20-cm diameter/6.5-cm-wide solid-surface Wodent Wheels; Transoniq, Flagstaff, AZ). For 20
sedentary control mice, these running wheels were locked (7SED), while for another 20 mice, the
wheels were freely rotating (7EX). Mice were provided standard rodent chow (Specialty Feeds,
Glen Forest, Australia) and water ad libitum. Bidirectional wheel running was recorded daily via
calibrated bicycle computers (model BC-560; Sigma Sport, Olney, IL), allowing assessment of daily
running distances and time spent running. Free-roaming activity outside of wheels (and for 7SED
mice) was not measured. Mice from the two cohorts were randomly assigned to either phenotypic
study (isolated Langendorff-perfused hearts; n = 6 in 7EX and 7SED groups) or transcriptomic
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(microarray/PCR; n = 7 in both 7EX and 7SED groups) or proteomic (Western immunoblot; n = 7
in 7EX and 7SED groups) analyses. For the latter protein and gene analyses, hearts were rapidly
removed from anesthetised mice, washed briefly in ice-cold isotonic Kreb’s solution, and
cryogenically frozen until sample preparation.
Ischaemia-reperfusion in Langendorff-perfused hearts. Mice were anesthetised with 60 mg/kg
pentobarbital sodium administered intraperitoneally, and hearts were isolated and perfused via the
aorta in a Langendorff mode, as described previously (Headrick et al., 2001). Contractile function
was monitored via a water-filled balloon located in the left ventricle and inflated to yield an enddiastolic pressure of 5 mmHg. Coronary flow was monitored with an ultrasonic flow-probe
proximal to the aortic cannula and connected to a T206 flowmeter (Transonic Systems, Ithaca,
NY). All functional data were recorded at 1 kHz on a PowerLab 4/30 system (ADInstruments,
Castle Hill, Australia) connected to an Apple iMac computer. The ventricular pressure signal was
digitally processed to yield peak systolic and end-diastolic pressures, +dP/dt and -dP/dt (first
derivatives of left ventricular contraction and relaxation over time, indicating peak rates of pressure
development and relaxation, respectively), and heart rate.
Following 20 min of stabilisation, hearts were switched to ventricular pacing at 420 bpm (Grass
SD9 stimulator; Quincy, MA, USA). After a further 10 min, baseline measurements were made,
and 25 min of global normothermic ischaemia was initiated followed by 45 min of reperfusion.
Pacing was terminated on initiation of ischaemia and resumed after 1.5 min of reperfusion. No
hearts in this study warranted exclusion based upon functional criteria outlined in detail previously
(Headrick et al., 2001).
Western immunoblot analysis of myocardial kinases. Ventricular lysate samples containing 30 μg
of total protein were loaded onto 10% acrylamide gels and separated at 150 V for ~1.5 h. Proteins
were transferred to PVDF membranes and blocked in 5% skim milk powder in TBST for 60 min.
Membranes were incubated with primary antibody (total and phosphorylated Akt, ERK 1/2, and
GSK3β; and total GAPDH or β-actin) (1:1,000; Cell Signaling Technology, Danvers, MA) overnight
at 4°C. Following 3 washes in TBST, membranes were incubated with secondary antibody and
visualised on a ChemiDoc XRS system (Bio-Rad, Hercules, CA). Because expression of GAPDH
was found to change, whereas β-actin was stable (93 ± 7% in 7EX vs. 100 ± 6% in 7SED), all
expression data were ultimately normalised to cardiac β-actin. For purposes of comparison (see
Figure

3.3),

expression

values

were

expressed

relative

to

control

7SED

hearts.

RNA isolation and microarray analysis. Ventricular myocardium was homogenised in TRIzol
reagent (Invitrogen, Carlsbad, CA), and total RNA was isolated according to manufacturer’s
guidelines. Total RNA was further purified using RNeasy spin columns (Qiagen, Gaithersburg,
MD). Total RNA yield and integrity were determined using a NanoDrop ND-1000 (NanoDrop
Technologies, Wilmington, DE) and a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA),
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respectively. RNA integrity (RIN) scores were >8.4 for all samples. Microarray experiments were
performed at the IMB Microarray Facility at the University of Queensland, according to standard
protocols. Briefly, 500 ng of total RNA was used to synthesise biotinylated amplified RNA (aRNA)
using an Illumina TotalPrep RNA amplification kit (Illumina, La Jolla, CA). The aRNA (1.5 μg) was
fragmented and hybridised (n = 6 per group) to MouseWG-6 v2.0 BeadChips (Illumina). Following
hybridisation, arrays were washed and stained with streptavidin-Cy3 prior to scanning on an
Illumina BeadStation Scanner. Data values with detection scores were compiled using BeadStudio
v3.2.6 (Illumina). The data discussed in this article were deposited into NCBI’s Gene Expression
Omnibus (GEO) (Edgar et al., 2002). Data are accessible through GEO Series accession number
GSE32391 at http://www.ncbi.nlm.nih.gov/geo/.
Table 3.1: Primer sequence for RT-qPCR analyses
Symbol

Entrez Gene Name

Forward Sequence

Reverse Sequence

Myom2

Myomesin 2

AATACAAAGACATCCGTCGT

ACCACAAACCTGTTATATCCA

Ttn

titin

CCTATTCTGTAAATGCCACCA

CTACTTCTTCACCTTGAACCA

Bdh1

3-hydroxybutyrate dehydrogenase

GCTAGTGGCAAAGCTATCCT

CACCTTTGTCCTTCATCAAACAG

Gsk3b

glycogen synthase kinase 3 beta

CCACAGGAAGTCAGTTATACAG

CTCTCGGTTCTTAAATCGCT

Cav3

caveolin 3

TCACAATGATGACCGAAGAG

AAATCTACCTTCACAATGTCCT

Shisa5

shisa homolog 5

CCTATGTCAGGGTTCGGA

GGGCAGCACATCTTATACAG

Mmp2

matrix metalloproteinase-2

CTGGGCAACAAGTATGAGAG

GAATAGGCTATATCCTTGGTCAG

Timeless

timeless

GTCAAGGAGTTCCAGAAGAG

GACCAAGAACATCATCAGAGTC

Calm2

calmodulin 2 (phosphorylase kinase, delta)

CCTGAATTTCTGACAATGATGG

CATTGCCATCCTTATCAAACAC

Rgs10

regulator of G-protein signaling 10

CCAAGGAGATCTACATGACCT

GAGATTGAAGATCTGGTCCTG

Ifi27l2

interferon, alpha-inducible protein 27-like 2

TCAACATGTTGGGAACACTG

CATCATCTTGGCTGCTATGG

Shown are gene assessed, and forward and reverse primer sequences for RT-qPCR analysis of
selected cardiac transcripts.

RT-quantitative PCR. Two-step RT-quantitative PCR (RT-qPCR), utilising SYBR Green I, was
employed to confirm differential gene expression for 11 transcripts (see Table 1 for primer details).
Briefly, 500 ng of total RNA was used to synthesise cDNA using the Superscript III First-Strand
Synthesis System (Invitrogen, Carlsbad, CA) using manufacturer’s protocols. Each 20-μl qPCR
reaction contained 1X SYBR Green Supermix (Bio-Rad, Hercules, CA), 50 nM of each primer and
5 μl of a 1:20 dilution of cDNA and was assayed on a CFX96 qPCR system (Bio-Rad). Optimal
qPCR cycling conditions consisted of an initial denaturation at 95°C for 3 min followed by 40
cycles of 95°C for 15 s and 62°C for 60 s. After the final PCR cycle, reactions underwent melt
curve analysis to detect nonspecific amplicons. Reactions were performed in triplicate and
expression levels were normalised to phosphoglycerate kinase 1 (Pgk1) as a reference gene.
Changes in expression relative to sedentary hearts were calculated using the 2-∆∆Ct method (Livak
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and Schmittgen, 2001) and statistically analysed by Student’s t-test, with significance accepted for
P < 0.05.
Statistical analyses. Unless stated otherwise, all physiological and proteomic data are expressed
as means ± SE. Comparisons were made between groups using a two-tailed Student t-test.
Significance was accepted for P < 0.05. Statistical approaches to microarray interrogation are
detailed previously.

3.4!

Results

Animal characteristics. Body and heart weights did not differ between 7EX and 7SED animals at
baseline, nor after the 7-day experiment (Table 3.2). Daily monitoring of activity indicated that
running occurred primarily at night, with total daily running gradually increasing to a peak
between 4 and 7 days (Figure 3.1). By day 7, mice were running on average 5.3 km/day (range
2.5– 8.0 km/day), at a mean speed of 38.0 m/min (range 27.4–63.5 m/min; Figure 3.1). Average
cumulative distance run over the 7-day experimental period was 37.4 km (Figure 3.1).

Table 3.2: Descriptive statistics for 7 day run and sedentary mice
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Figure 3.1: Running characteristics of 8-wk male C57BL/6 mice

Data are shown for mean running rate per day (km/day), total cumulative distance run (km), and
running speed (m/min) over 7 days for the 7-day exercise (7EX) group. Data are expressed as means
± SE. (n = 10).
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Figure 3.2: Representative traces of functional responses of exercised & sedentary mouse hearts
to ischaemia-reperfusion

The above figure represents the left-ventricular developed pressure (mmHg) during paced
equilibration phase (10 min), followed by a global ischaemic phase (25 min) with pacing turned
off. Reperfusion phase of 45 min (pacing reinstated after 2 min reperfusion) shows eventual
recovery of mouse hearts upon resupply of oxygen & nutrient.

Figure 3.3: Myocardial functional tolerance to ischaemia-reperfusion (I/R) is improved with
wheel-running
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Data are shown for final recoveries following 25 min of ischaemia and 45 min of reperfusion. A:
left ventricular, end-diastolic, and developed pressures (mmHg), where developed pressure is the
difference between peak systolic and end-diastolic pressure. B: recoveries of left ventricular
developed pressure and coronary perfusion relative to pre-ischaemic values. Data are expressed
as means ± SE; n = 7 per group. *P < 0.05 vs. 7-day sedentary (7SED) group.

Table 3.3: Baseline (normoxic) functional parameters for hearts from 7-day run and sedentary mice
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Cardiac ischaemic tolerance is enhanced with voluntary activity. The brief period of voluntary
activity did not modify baseline contractile function or coronary perfusion under normoxic
conditions (Table 3.3). All hearts subjected to I/R failed to recover normal (pre-ischaemic)
contractile function and coronary perfusion (Figure 3.2 & 3.3). However, hearts from 7EX mice
exhibited improved recovery of left ventricular function. Post-ischaemic diastolic dysfunction was
significantly reduced from 33 mmHg in 7SED to 23 mmHg in 7EX hearts, a relative improvement
of ~30% (Figure 3.3A). Recovery of left ventricular pressure development was increased from 72
mmHg in 7SED to 102 mmHg in 7EX hearts, equating to a 42% improvement in contractile
recovery in 7EX vs. 7SED hearts (Figure 3.3A). Expressed relative to pre-ischaemic values (which
were unaltered by activity), % recovery of ventricular pressure development was increased from
43% in 7SED to 63% in 7EX hearts, whereas recovery of coronary perfusion was comparable (76–
79% of baseline) in both groups (Figure 3.3B).

Figure 3.4: Protein kinase and GAPDH expression after wheel-running
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Cardiac expression and phosphorylation of Akt, ERK 1/2, and GSK3β, and expression of GAPDH
were assessed in homogenates from normoxic hearts of 7SED and 7EX mice. Expression data were
initially normalised to β-actin levels (which did not vary; see METHODS), and for purposes of
comparison, values are shown relative to data acquired in sedentary (7SED) hearts. Data are
expressed as means ± SE; n = 6 per group. *P < 0.05 vs. 7SED.

Myocardial kinase expression is selectively modified with voluntary activity. Cytosolic expression
of Akt, ERK 1/2, and GSK3β was assessed since these contribute to cardiac stress resistance
(Murphy and Steenbergen, 2008) and may play roles in exercise-dependent protection (Konhilas
et al., 2004; Zhang et al., 2007a). We also assessed GAPDH to test for modulation of glycolytic
metabolism. The 7 days of wheel-running did not modify total levels of Akt or GSK3β, but
increased total ERK 1/2 by ~30%. Phosphorylated GSK3β was enhanced by ~90% in 7EX hearts
(Figure 3.4). Total GAPDH levels were also moderately elevated in 7EX vs. 7SED hearts (Figure
3.4).

87

Ingenuity Pathway Analysis software was used to identify the most significantly modified gene networks in hearts from 7EX vs. 7SED mice (see
Table 3.5). A: network 1 is involved in cellular movement, cardiac necrosis, and cell death. B: network 2 is involved in the inflammatory
response, antigen presentation, and cell-to-cell signaling and interaction. Transcripts are color-coded, according to expression changes (green,
upregulation; red, downregulation). Gray highlights molecules present in the data set (false discovery rate: ≤5%) that did not meet the ≥1.3fold cut-off criteria. White indicates predicted molecules computationally incorporated into the networks based on evidence within the IPA
knowledge base. Lines between molecules indicate a direct molecular connection.

Figure 3.5: The two top gene networks sensitive to voluntary activity
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Table 3.4: The 14 cardiac transcripts induced and 15 most repressed with voluntary physical
activity

Cardiac transcriptome adaptations with voluntary activity.
Of 45,200 transcripts represented on the Illumina MouseWG-6 v2.0 BeadChip, 19,916 (44%) were
expressed in ≥2 myocardial samples per group. A total of 178 unique transcripts were differentially
expressed in 7EX compared with 7SED tissue (≥1.3 fold change, FDR≤5%), of which 142
transcripts (128 repressed, 14 induced) were mapped by IPA to known genes (see Supplemental
Table S1 in the Appendix). Details of the 14 induced and the 15 most repressed transcripts are
provided in Table 3.4, and functional groupings of activity-sensitive transcripts are 89ummarized
in Table 3.5.
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Table 3.5: Functional gene groupings sensitive to voluntary physical activity

Functional annotation of differentially expressed transcripts via IPA software identified 142
“network-eligible” genes (14 upregulated and 128 downregulated). Networks were generated on
the basis of known functions and interconnectivity of affected genes (Table 3.6, Figure 3.5). A
majority of regulated genes were involved in inflammatory/immune system function, cell
movement (including cytoskeletal and sarcomeric elements), and growth/proliferation and death.
This was reflected in the top two modified molecular networks: network 1 is involved in cardiac
necrosis (Fstl1 and Mmp2), cell death (Cd14, Flna, Fstl1, Ivns1abp, Klf4, Mmp2, Ndrg1, Pde4b,
Rgs10, Rps3, Scin, Sparc, and Thbd), and cell movement (Cd14, Flna, Fstl1, Klf4, Marcks, Mgp,
Mmp2, Ndrg1, Pde4b, and Sparc); network 2 is involved in the inflammatory response (Ccl21,
Ccl7, Cd63, Cd74, Coro1a, Cxcl9, Fcer1g, Hla-c, Hla-dq1, Hla-dqB1, Hla-dRB1, and Isg15),
antigen presentation (Ccl21, Ccl7, Cd63, Cd74, Coro1a, Cxcl9, Fcer1g, Hla-c, Hla-dq1, Hla-dqB1,
and Hla-dRB1), and cell-to-cell signaling and interaction (Ccl21, Ccl7, Cd248, Cd63, Cd74,
Coro1a, Cxcl9, Emr1, Fcer1g, Hla-c, Hla-dq1, Hla-dqB1, Hla-dRB1, Lgals3bp, Ly6a, and Rras)
(Figure 3.4, Table 3.6). There was little or no evidence of modulation of canonical stress responses
(e.g., oxidative stress, heat shock responses). Full details of transcriptomic responses and functional
groupings are included online (long data) in Supplemental Tables S1–S6.
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Table 3.6: The top three gene networks modified with voluntary activity

RT-qPCR validation of modified transcripts. To validate gene changes in array data and test the
robustness of these responses, RT-qPCR was used to assess expression of select transcripts. The 11
transcripts assessed exhibited a high degree of correlation with expression changes detected via
microarray (Figure 3.6). Transcripts were selected on the basis of substantial up-regulation or
down-regulation together with potential relevance to the exercise phenotype, and included
transcripts involved in inflammatory pathways (Ifi27l2), sarcomeric protein modulation (Ttn,
Calm2, and Myom2), and metabolism and cell signaling (Mmo2, Rgs10, Gsk3b, Cav3, and Bdh1).
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Figure 3.6: Correlation between expression changes via Microarray & RT-qPCR

RT-quantitative PCR (RT-qPCR) confirmation of differentially modified transcripts (>1.3 gene fold
change) from microarray analysis. Shown are data for expression changes determined via RT-qPCR
and microarray analysis (where the gene expression ratio is the ratio of expression of a transcript
in 7EX vs. 7SED myocardium) (A) and the correlation between expression changes assessed via
the two methodologies (n = 3–6 per group) (B).
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3.5!

Discussion

The current study reveals brief voluntary wheel-running results in substantial protection effected
by transcriptomic adaptations. Relatively few studies have assessed the effects of voluntary wheelrunning on cardiac resistance to disease. Cardiovascular adaptations to exercise (including
antioxidant induction, angiogenesis, and hypertrophic growth) may be dependent on exercise
stimulus (Kavazis, 2009), with evidence that associated stresses are key hormesis triggers (Hayes
et al., 2008; Locke et al., 1995; Radak et al., 2008a; Ristow and Zarse, 2010). Mice studied here
were provided access to running wheels for a 7-day period. Rodent wheel-running is voluntary,
although not strictly analogous to free-roaming activity in non-captive animals (Sherwin, 1998).
Wheel-running differs from forced swimming or treadmill running; as mice run of their own
volition, it represents non-exhaustive, intermittent, energy-efficient activity, and stress levels (or
stress biomarkers) are demonstrably lower in voluntary vs. forced exercise (Ke et al., 2011a;
Moraska et al., 2000; Noble et al., 1999). Thus, outcomes from voluntary activity should reflect
greater contributions from activity per se vs. the emotional or neurohumoral stresses associated
with forced exercise (Ke et al., 2011a; Moraska et al., 2000; Noble et al., 1999). Voluntary running
for 7 days significantly improved functional tolerance of hearts to I/R (30 – 40% relative
improvements in recovery of force development and diastolic pressure; Figure 3.2 & 3.3). This
outcome was unrelated to coronary reflow, and there were no differences in body or heart weights
between groups. However, relevant shifts in myocardial molecular makeup were detected.
Proteomic modulation with voluntary exercise.
The ability of the heart to withstand injurious effects of I/R depends to some degree upon
expression and activity of pro-survival (e.g., PI3-K, Akt, ERK 1/2) vs. pro-death (e.g., GSK3β) kinases
(Murphy & Steenbergen, 2008). Our data indicate that 7 days of voluntary activity did not modify
expression or phospho-activation of Akt (Figure 3.4). Prior studies of long-term or forced exercise
regimes document enhanced Akt expression and/or phosphorylation (Konhilas et al., 2004; Zhang
et al., 2007a), whereas single exercise bouts may not modify Akt (Coven et al., 2003). Lack of
change in Akt with voluntary running, consistent with absence of a hypertrophic response,
indicates cardioprotection does not stem from augmented Akt signaling. On the other hand, total
ERK 1/2 levels were moderately enhanced in 7EX hearts (Figure 3.4). Increased baseline expression
without a parallel rise in phosphorylation provides a larger pool of ERK 1/2 available for phosphoactivation during subsequent stress (such as I/R), which may confer benefit. Prior data are
equivocal regarding exercise effects on cardiac ERK 1/2: brief exercise bouts may enhance ERK
1/2 phosphorylation (Melling et al., 2006), whereas others report that 7 days of exercise has no
impact on (Konhilas et al., 2004) or represses (Gosselin et al., 2006) ERK 1/2 phosphorylation.
Given pro-survival actions of ERK 1/2 (Murphy and Steenbergen, 2008), induction here is
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consistent with activity-dependent protection.
Myocardial GSK3β is implicated in I/R injury, contributing to mitochondrial dysfunction and cell
death (Murphy and Steenbergen, 2008). Some document shifts in cardiac GSK3β with exercise,
though these are primarily investigations of sustained or forced activities and/or disease models
(Konhilas et al., 2004; Lajoie et al., 2004). Others fail to detect changes in GSK3β with exercise,
although there is evidence that post-ischaemic GSK3β phosphorylation may be improved (Zhang
et al., 2007a). Our data show no change in total GSK3β, while inhibitory phosphorylation is
substantially increased in 7EX hearts (Figure 3.4). This is consistent with a role in cardioprotection,
and given known stimulatory effects of GSK3 β on the mitochondrial permeability transition
(Murphy and Steenbergen, 2008), shifts in GSK3β may contribute to mitochondrial protection
linked to beneficial exercise phenotypes (Ascensão et al., 2007; Kavazis et al., 2008; Powers et
al., 2008).
Transcriptomic adaptations with voluntary activity.
We assessed transcriptomic changes in 7EX hearts to identify the breadth of molecular adaptations.
Prior studies assess transcriptomic responses to more intense or prolonged exercise (Bronikowski
et al., 2002; Schweitzer et al., 2005; Simonsen et al., 2010), with considerable variability in effects
on the cardiac transcriptome. Here, only a small subset of transcripts (142 known genes) was
sensitive to voluntary running (in keeping with low intensity of the activity), and changes were
modest— only Ifi27l2 changed more than twofold (Table 3.5). The transcriptomic response
primarily reflects repression of gene expression (Table 3.6). Although there is no biological basis
to ascribing particular mechanistic importance to the smaller set of up-regulated transcripts, several
induced transcripts are of interest. Of 14 induced transcripts (Table 3.4), 6 are associated with
metabolic/signaling functions (Abat, Abcb4, Pfkm, Sbk1, Bdh1, and Pdp2), 5 are associated with
the sarcomere and cytoskeleton (Ivns1abp, Actn2, Myom2, Ttn, and Scin), 1 is associated with
cardiomyocyte growth (Slc6a8), 1 is associated with heme synthesis/mitochondrial biogenesis
(Alas1), and 1 is of unknown function (C1orf51). This pattern is suggestive of modulation of
metabolic function, sarcomere structure, and potentially myocyte, and mitochondrial growth.
Although there is relatively little prior information regarding cardiac modifications, such responses
are consistent with some adaptations to activity in skeletal muscle (Flück, 2006).
Functional groupings support modulation of immune/inflammatory function, cell movement,
growth, development, and signaling (Table 3.5). The top modified networks also reflect these
groupings (Table 3.6, Figure 3.5). Molecular network 1 (Fig. 3.5A) is involved in modulation of
cell movement, and cardiac necrosis/cell death, with repression of most transcripts. However,
induced Ttn, Actn2, Scin, and Ivns1abp are also integrated into this network. Interestingly, ERK
1/2 represents a point of convergence in the network, running modestly up-regulated total ERK 1/2
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levels (Figure 3.4). The cardiac necrosis transcripts Fstl1 and Mmp2 are also of interest. FSTL1 is
increased in ischaemic heart disease and may modulate cardiac inflammation and Akt-dependent
cardioprotection (Oshima et al., 2008), although it is not clear whether changes in Fstl1 are causal
or reflect compensatory responses to cardiac disease. The latter is consistent with an inverse
correlation between FSTL1 and contractile dysfunction in heart failure patients before and after
LVAD implantation (Lara-Pezzi et al., 2011). Repression with exercise, contrasting induction with
disease (Lara-Pezzi et al., 2011; Oshima et al., 2008), may thus reflect adaptation to activitydependent improvements in stress resistance and contractile function. On the other hand, MMP2
contributes to cell death and dysfunction in infarcted myocardium (Ali et al., 2010b), and Mmp2
repression [together with repressed Sparc, which normally promotes MMP2 production (McClung
et al., 2007)] may assist in preserving sarcomere integrity during I/R.
Inflammatory/immune modulation.
Network

2

centers

on

IFN/NF-B

and

major

histocompatibility

complex

control

of

inflammation/immunity and antigen presentation, with generalised repression reflecting an antiinflammatory phenotype (Figure 3.5B). Inflammation is up-regulated in pathological states,
including I/R and diabetes, contributing to both cellular damage and tissue repair in post-ischaemic
myocardium (Frangogiannis, 2007). A recent study demonstrated that >4 h of sedentary recreation
triggers up to 3-fold elevations in the inflammatory marker C-reactive protein and is a critical risk
factor for cardiovascular disease (Stamatakis et al., 2011). Repression of immune/inflammatory
transcripts (Tables 3.4 – 3.6, Figure 3.5) is in agreement with prior studies reporting downregulation of pro-inflammatory or immunity-related genes (Bronikowski et al., 2002; Simonsen et
al., 2010). Such effects are thought to arise via anti-inflammatory cytokine release (e.g., IL-6, IL10, IL-1ra, soluble TNF-R) from skeletal muscle, adipose tissue, and other sites (Huey and Meador,
2008; Petersen, 2005; Woods et al., 2009) and may contribute to benefit with exercise (Wilund,
2007). There has been little assessment of activity-dependent modulation of inflammatory
mediators within the myocardium itself (Huey and Meador, 2008).
A substantial number of activity-sensitive transcripts are interferon (IFN) regulated (Table 3.6), with
network 2 linked to IFN signaling (Figure 3.5B), and three of the eight most repressed transcripts
being IFN-inducible (Ifi27l2, Ifitm1, and Ifitm2) (Table 3.4). The function of encoded IFI27L2 is
unclear: while IFITM1 is key to IFN-Υ modulation of proliferation, enhancing p53 function,
inhibiting ERK 1/2 signaling and promoting inflammation (Xu et al., 2009; Yang et al., 2007), Ifitm2
has been identified as a p53-independent pro-apoptotic gene (Daniel-Carmi et al., 2009). As
shown in Figure 3.5 and Tables 3.4 and 3.6, IFN-inducible transcripts were all repressed with
voluntary activity (Ifit3, Ifitm1, Ifitm2, Ifitm3, Oas1, Psmb8, Isg15, and Ifi27/Isg12), consistent with
activity-dependent repression of IFNα, IFNβ, and IFNϒ signaling.

95

Sarcomeric and cytoskeletal modulation.
Interestingly, transcripts for three key and interrelated sarcomeric proteins - titin, α-actinin, and
myomesin-2 - were induced. Additionally, Ivns1abp/Nd1l and Scin were induced, encoding, for
the former, a ubiquitous Kelch protein that stabilises cytoskeletal actin, activates ERK 1/2, and
exerts pro-survival effects in cardiac cells (Matsudo et al., 2006) and, for the latter, a Ca

2+

-sensitive

actin-severing and actin-capping protein that regulates actin dynamics. These changes may
collectively influence contractile tolerance to I/R.
Titin acts as a molecular “spring,” modulating myocardial stiffness and systolic and diastolic
function, and it is targeted by MMP2 to promote cell damage and death in I/R (Ali et al., 2010a).
As noted above, repression of Mmp2 (and Sparc) could thus limit titin-dependent damage in 7EX
hearts, with Ttn induction and up-regulation of sarcomeric myomesin-2 and α-actinin further
enhancing contractile tolerance. Myomesin-2 is the major myosin M-band cross-linking protein,
and in a complex with obscurin/obs1, binds the COOH-terminal domain of titin. α-Actinin crosslinks arrays of actin filaments (so called Z-links), and binds titin in the Z-disk via its calmodulinlike COOH-terminal domain. Thus, M-band and Z-disk integration of titin hinges on myomesin-2
and α-actinin, both up-regulated with titin in response to activity. Expression of α-actinin and
myomesin-2 is important for the maintenance of normal cardiac function, as evidenced by
impaired expression in heart failure (Kostin et al., 2000) and cardiomyopathy arising from α-actinin
mutation (Chiu et al., 2009).
Metabolic modulation.
In addition to inflammatory and sarcomeric transcripts, voluntary activity-modified transcripts
involved in cellular metabolism. Alas1 was induced, encoding a mitochondrial enzyme catalysing
the initial rate-limiting step in heme biosynthesis, and which is essential to mitochondrial
biogenesis. Up-regulation may be important in promoting mitochondrial biogenesis, relevant to
tissue protection and meeting increased metabolic demands. Eisele et al. (Eisele et al., 2008) report
that voluntary activity (albeit for 4 wk) does significantly stimulate myocardial mitochondrial
biogenesis.
In terms of glycolysis, prior studies support improvements in myocardial glycolytic metabolism
with exercise (Stuewe et al., 2000). Transcriptional analysis here identifies modest up-regulation
of phosphofructokinase, which (additional to actin binding effects) will enhance glycolytic flux.
Total levels of GAPDH were also modestly enhanced with activity (Figure 3.4), further evidencing
adaptations in myocardial glycolytic metabolism. In the context of I/R, improvements in glycolytic
vs. fatty acid metabolism may be cardioprotective (Stanley, 2004; Stuewe et al., 2000).
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Study limitations.
Three study limitations must be noted. First, in the absence of alternate means of monitoring
activity (e.g., video surveillance or telemetry), it was not possible to precisely contrast levels of
activity between the two groups (mice with locked wheels cannot undertake wheel running but
are nonetheless active), or characterise speed, intensity, intermittency, or diurnal patterns for the
wheel running stimulus (only total daily distances and running times, and thus mean velocities,
were recorded). This drawback, together with absence of data on circulating stress markers, limits
our ability to conclude that the intervention is “low stress” in nature. Nonetheless, other studies
support a minimal impact of voluntary running on cellular stress processes in different organs (Ke
et al., 2011a; Moraska et al., 2000; Noble et al., 1999).
A second limitation relates to the fact that we focus on sustained protein and gene adaptations to
voluntary activity (in normoxic myocardium) as a potential basis for stress resistance. We do not
test transient molecular responses to individual exercise bouts, or shifts in molecular responses to
I/R itself. Future work might address the possibility that exercise could also modify the responses
of unaltered proteins (such as Akt) to I/R stress.
A final limitation relates to our assessment of gene and protein expression in both left and right
ventricular myocardium, whereas functional protection was assessed for left ventricle only.
Although the left ventricle represents ~75% of ventricular mass, it is feasible that some molecular
responses documented could be regionally localised to one ventricle over the other. Unfortunately,
we cannot ascertain here whether observed transcriptomic and proteomic adaptations to exercise
arise uniformly in (and thus benefit) both ventricles.
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3.6!

Conclusions

This investigation demonstrates that a relatively short period (7 days) of voluntary wheel-running
significantly increases myocardial ischaemic tolerance in young male mice. This low- stress
intervention enhances I/R tolerance independently of shifts in cardiac mass, contractile function,
and coronary perfusion, and in the absence of transcriptomic evidence of stress responses. While
expression/activation of Akt was unaltered, voluntary activity improved cytosolic ERK 1/2 levels
and GSK3β phospho-inhibition, consistent with enhanced I/R tolerance. Transcriptomic
interrogation reveals a small set of activity-sensitive transcripts, the majority of which are
repressed. These data support repression of immunity/inflammation (particularly, IFN signaling),
together with induction/ protection of titin and related sarcomeric transcripts. Moderate voluntary
activity thus induces varied molecular changes that may promote cardiac I/R resistance. These
findings suggest, in turn, that stresses associated with more intense or forced activities may not be
essential to cardiac protection. If responses to voluntary activity observed in rodent myocardium
are not species-specific, such stimuli may be applicable in modulating ischaemic tolerance in
heart disease and surgical patients. The roles of novel adaptations in immunity/inflammation and
sarcomeric elements warrant further investigation.
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4!
COUPLING OF MYOCARDIAL STRESSRESISTANCE AND SIGNALLING TO
VOLUNTARY ACTIVITY AND
INACTIVITY
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4.1 Abstract

Mechanisms coupling myocardial stress-resistance to variations in voluntary activity may be well
suited to 'cardioprotective' exploitation, yet remain poorly defined. We examined the sensitivity
of cardiac ischaemic-tolerance to: voluntary activity (14 days) in running-naïve mice (Active), 7
days of subsequent inactivity (Inactive), and brief (3 day) restoration of running (Re-Active); and
test whether 'cardiac:activity coupling' reflects common modulation of pro-survival (AKT, AMPK,
ERK1/2,

HSP27,

EGFR)

and

-injury

(GSK3β)

proteins

implicated

in

ischaemic

preconditioning/calorie restriction responses.

Active mice increased running speed and distance by 75-150% over 14 days (to ~40 m/min and
10 km/day), with Active hearts resistant to dysfunction following 25 min ischaemia (40-50%
improvements in pressure development, ±dP/dt and diastolic pressure). Protection was
accompanied by ~2-fold elevations in AKT, AMPK, HSP27 and GSK3β phosphorylation, and EGFR
expression. Ischaemic tolerance was reversed in Inactive hearts, paralleling reduced EGFR
expression and GSK3β and ERK1/2 phosphorylation (AKT, AMPK, HSP27 phosphorylation
unaltered on transition to inactivity). Running characteristics, cardioprotection, EGFR expression
and GSK3β all returned to Active levels within 1-3 days of restored activity (no significant changes
in AKT, AMPK, HSP27 phosphorylation). Transcriptional responses included activity-dependent
Anp induction vs. Hmox1 and Sirt3 suppression, and inactivity-dependent Adora2b induction.

Data confirm sensitive coupling of myocardial stress-resistance to activity: voluntary running
induces cardioprotection that, dissipating within 1 wk of inactivity, rapidly returns with subsequent
activity; only initial activity in running-naïve animals induces a molecular profile characteristic of
preconditioning/calorie restriction, whereas GSK3β and EGFR modulation more consistently
parallel both activity- and inactivity-dependent shifts in myocardial stress-resistance. The variable
time course of different potential mediators of cardioprotection during training, de-training and retraining provides the basis for additional molecular investigations such as the incorporation of
kinase inhibitors to understand function.

4.2 Introduction
Physical activity is one of the strongest determinants of both risk of ischaemic heart disease (IHD),
and resultant morbidity and mortality (Booth et al., 2012; Erbs et al., 2006; Kohl, 2001; PierreLouis et al., 2014). Animal studies also reveal powerful exercise cardioprotection - activitydependent myocardial tolerance to ischaemia-reperfusion (I-R) and other forms of insult (Starnes
and Taylor, 2007a). Low levels of physical activity in post-industrial societies thus promote IHD
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prevalence and its impacts (Booth et al., 2012), while activity-related interventions have potential
for combating IHD and protecting hearts from I-R injury/infarction. Nonetheless, IHD remains the
lead cause of morbidity/mortality worldwide, and exercise cardioprotection awaits translation to
clinically effective interventions for limiting I-R injury. This reflects in part the unknowns remaining
regarding the phenomenon broadly dubbed exercise cardioprotection, which encompasses
heterogeneous phenotypes ranging from those induced with prolonged and high-intensity
exercise, brief or low-stress voluntary activity, or single bouts of acute exercise. Unknowns include
the optimal stimuli for inducing ischaemic-tolerance, together with the temporal and mechanistic
properties of both activity- and inactivity-dependent changes in the myocardial ‘stress phenotype'.

In terms of disease risk reduction, total volume of prior physical activity (rather than
intensity, duration or frequency) is considered of utmost importance (Powell et al., 2011), though
there is evidence IHD risk may be optimally reduced with 1-3 bouts of moderate activity weekly
(Wisloff et al., 2006). In terms of protection against myocardial I-R injury, evidence suggests brief
low-intensity activity and associated molecular mechanisms are efficacious and suited to clinical
exploitation. Cardioprotection can be induced with single exercise bouts or brief (1-7 day) periods
of low- to moderate-intensity activity (Budiono et al., 2012; Hamilton et al., 2001; Lennon et al.,
2004a; McGinnis et al., 2015; Miller et al., 2015; Taylor et al., 1999a), though threshold levels
appear necessary for cardiac benefit (Starnes et al., 2005). Epidemiological evidence also confirms
mortality reduction in those suffering IHD is near optimal with as little as a single moderate bout
of exercise per week (Moholdt et al., 2008). This mode of protection is rapid, powerful, and free
of potential untoward effects; and acute post-translational mechanisms involved (McGinnis et al.,
2015; Nicholson et al., 2011; Powers et al., 2014; Starnes and Taylor, 2007a) may well be more
amenable to therapeutic manipulation than combined transcriptional, translational and posttranslational elements triggered with longer or more intense exercise (Powers et al., 2014). Indeed,
while protection via prolonged or intense exercise is widely attributed to anti-oxidant induction
(Powers et al., 2014), trials of anti-oxidant supplementation have been generally disappointing in
terms of cardiovascular outcomes. Prolonged high-intensity exercise also has the potential for
untoward effects, contributing to a U-shaped relationship between physical activity and
myocardial mortality (Merghani et al., 2015). Collectively such observations highlight brief lowintensity stimuli, and underlying mechanisms, as optimal targets for therapeutic manipulation.
However, the sensitivity, persistence and molecular underpinnings of these responses are
incompletely defined (Powers et al., 2014).

It has been proposed physical activity reflects a hormetic stressor akin to transient
ischaemia/hypoxia, triggering the protective molecular phenotype induced with widely studied
(and trialled) ischaemic preconditioning (Marongiu and Crisafulli, 2014). Indeed, early and late
windows of protection characteristic of ischaemic preconditioning are apparent following exercise
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(Domenech et al., 2002), and there is evidence activity and preconditioning may share effector
mechanisms. Studies of short-term or voluntary activity suggest involvement of multiple receptors
(including opioid, cytokine and adrenergic receptors), signalling paths and effector molecules
(McGinnis et al., 2015; Miller et al., 2015; Nicholson et al., 2011). We report inhibition of GSK3β
with voluntary activity, together with a transcriptomic response resembling that with
cardioprotective opioid receptor agonism (Ashton et al., 2013; Budiono et al., 2012). These
mechanistic elements are similar to those underlying ischaemic preconditioning (Murphy and
Steenbergen, 2008), which involves multiple triggering receptors (including opioid, adrenergic and
cytokine receptors) and signal transduction elements (including AKT, AMPK, ERK1/2, GSK3β
together with JAK/STAT, NOS and p38-MAPK, among others). Interestingly, a similar array of
effectors is also implicated in protection with short-term caloric restriction (Noyan et al., 2015).
Thus, physiologic stimuli (activity, caloric limitation) and transient stressors (ischaemia, hypoxia)
may all regulate a common suite of effector molecules. Nonetheless, whether low-stress voluntary
activity reflects a physiologic corollary of ischaemic preconditioning, and generates a molecular
profile characteristic of preconditioning or calorie restriction stimuli, remains to be established.
Whether the detrimental effects of inactivity also involve modulation of these (or unique)
molecular pathways is also unknown - data for other tissues indicate inactivity can influence
molecular processes distinct from those induced with activity (Booth et al., 2012).
The overarching goal of this study was thus to assess the sensitivity, temporal features, and
molecular underpinnings of myocardial responses to short-term (3-14 day) transitions in voluntary
activity/inactivity. Specifically, we test: i) whether short-term increases and reductions in voluntary
activity induce opposing changes in cardiac stress phenotype; ii) how short-lived or reversible
effects of voluntary activity or inactivity are; iii) whether prior activity influences subsequent
induction of stress-resistance; and iv) whether coupling of stress-resistance to activity/inactivity
involves the reversible control of kinases (AKT, ERK1/2, AMPK, GSK3ß) and heat shock protein
(HSP27) implicated in preconditioning via ischaemia, calorie restriction, opioids and cytokines
(Cai et al., 2012; Du et al., 2005; Lal et al., 2015; Lennon et al., 2004b; Lorita et al., 2010;
McGinnis et al., 2015; Murphy and Steenbergen, 2008; Noyan et al., 2015; Pareja et al., 2003;
Powers et al., 2014; Starnes and Taylor, 2007a; Williams-Pritchard et al., 2011), and/or modulation
of the less well studied EGFR we identify as an orchestrator of cardioprotective responses
(Williams-Pritchard et al., 2011).

4.3 Methods
All studies were approved by and performed in accordance with the guidelines of the Animal
Ethics Committee of Griffith University, which is accredited by the Queensland Government,
Department of Primary Industries and Fisheries under the guidelines of The Animal Care and
Protection Act 2001, section 757.
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Animals and experimental design
Male C57Bl/6 mice (8-10 wks) were individually housed at 23±2°C (12:12 hr light-dark
cycle) in cages equipped with plastic composite solid-surface running wheels (20 cm dia., 6.5 cm
width; Silent Spinner; Pets International Ltd, Elk Grove Village, USA), as outlined previously
(Headrick et al., 2001). The experimental protocol involved allowing naïve mice 14 days of free
wheel running (Active), followed by 7 days of locked wheels (Inactive), and finally 3 days of
restored wheel running (Re-Active) (Figure 4.1). Time-matched sedentary controls were
maintained under identical conditions with running wheels locked for 14 (Control 1), 21 (Control
2) or 24 days (Control 3). A similar wheel-lock approach has been applied previously to assess
effects of inactivity (Kump et al., 2005). Daily running activity (distance and duration of
bidirectional running) was tracked via reed-switch activated bicycle computers (model BC-509;
Sigma Sport, Olney, IL, USA). Incidental activity outside of wheels (and in sedentary controls) was
not measured. On completion of experiments mice were anaesthetised with 60 mg/kg sodium
pentobarbital (i.p.) and hearts excised into ice-cold isotonic Krebs solution and prepared for
Langendorff perfusion, or frozen in liquid N2 and stored at -80°C for molecular analyses (n=6-8
per group).

Ischaemia-reperfusion in Langendorff-perfused hearts

Hearts were perfused via the aorta in a Langendorff mode, as described in detail previously
(Headrick et al., 2001). Contractile function was monitored via a water-filled balloon located in
the left ventricle and inflated to an end-diastolic pressure of 5 mmHg. Coronary flow was
monitored with an ultrasonic flow-probe proximal to the aortic cannula, connected to a T206
flowmeter (Transonic Systems Inc., Ithaca, NY). Functional data were recorded at 1 kHz on a
PowerLab 4/30 system (ADInstruments Pty Ltd., Bella Vista, Australia) interfaced with an Apple
iMac computer. Ventricular pressure signals were digitally processed to yield heart rate, peak
systolic and end-diastolic pressures, +dP/dt and -dP/dt (first derivatives of left ventricular
contraction and relaxation over time; indicating inotropic and lusitropic states, respectively). After
20 min stabilisation hearts were switched to ventricular pacing at 420 bpm (Grass SD9 stimulator;
Natus Neurology Inc., Warwick, RI, USA). After a further 10 min baseline measures were made
and 25 min global normothermic ischaemia initiated, followed by 45 min aerobic reperfusion.
Pacing was terminated on initiation of ischaemia and resumed at 1.5 min of reperfusion. No hearts
warranted exclusion based upon previously detailed functional criteria (Headrick et al., 2001).
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Immunoblot analysis of protein expression

Ventricular myocardium was pulverised under liquid N2 and homogenised in a Duall 22
dounce with RIPA buffer before centrifugation at 750 rpm for 10 min (at 4°C). Lysate protein was
quantitated using a PierceTM BCA assay (Thermo Fisher Scientific Australia Pty Ltd., Scoresby, VIC,
Australia). Samples containing 30 μg of protein were loaded onto 10% acrylamide gels and
separated at 150 V for 60 min. Proteins were transferred to LF-PVDF membranes and blocked in
Li-COR blocking buffer for 90 min before incubation overnight (at 4°C) with 1:1,000 dilutions of
primary antibodies (Cell Signaling Technology, Danvers, MA) for total and phosphorylated AKT
(Ser473), ERK1/2 (Thr202/Tyr204), AMPK (Thr172) and GSK3β (Ser9), total EGFR and phosphorylated
HSP27 (Ser82), with GAPDH assayed for purposes of normalisation. Following 3 washes in TBST,
membranes were incubated with fluorescent secondary antibody and scanned on a Li-COR
Odyssey system (Li-COR Biosciences, Lincoln, NE, USA). Expression of each protein of interest
was normalised to GAPDH (assayed on each membrane), and relative phosphorylation of AKT,
ERK1/2, AMPK and GSK3β determined from the ratio of phosphorylated:total protein. For purposes
of comparison protein data (Figure 4.3) were expressed relative to the Active experimental group.

PCR analysis of gene expression

Tissue pulverised under liquid N2 was homogenised in a Duall 22 dounce with TRIzol
(Life Technologies Australia Pty Ltd., Scoresby, VIC, Australia), samples centrifuged and RNAcontaining supernatants purified using a RNA Mini Kit according to manufacturer’s directions
(Ambion, Life Technologies Australia Pty Ltd., Scoresby, VIC, Australia). The RNA yield and purity
were assessed using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA).
Expression of select genes was assessed via RT-quantitative PCR (RT-qPCR), as previously
(Headrick et al., 2001). Briefly, 500 ng of RNA was used to synthesise cDNA using the Superscript
III First-Strand Synthesis System (Invitrogen, Carlsbad, CA) according to manufacturer's protocols.
Each 10 μl qPCR reaction contained 2× SYBR Green Supermix (Bio-Rad, Hercules, CA), 50 nM of
primer, and 3 μl of a 1:20 dilution of cDNA, and was assayed using an Applied Biosystems
StepOnePlus qPCR system (Life Technologies Australia Pty Ltd., Scoresby, VIC, Australia).
Reactions were performed in triplicate and expression normalised to phosphoglycerate kinase 1
(Pgk1) as a reference. Changes in expression were calculated relative to time-matched control
(inactive) hearts using the 2−

ΔΔCt

method (Livak and Schmittgen, 2001). Primer sequences for Anp

(atrial natriuretic peptide; marker of hypertrophic remodeling), Adora2b (A2B adenosine receptor;
mediating adaptive cardiac stress-resistance), Hmox1 and Sirt3 (heme oxygenase 1 and the
deacetylase sirtuin 3; both implicated in adaptive stress-resistance and metabolic remodeling), and
Calm2 (calmodulin 2 phosphorylase kinase; major cardiac form of this key orchestrator of Ca2+
signaling) are provided in Table 4.1.
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Table 4.1: Primer sequences for RT-qPCR analyses
Symbol

Gene Name

Forward Sequence

Reverse Sequence

Anp

Atrial
natriuretic
peptide
A2B adenosine
receptor

ATTTCAAGAACCTGCTAGACC

TCAGTCTGCTCACTCAGG

TCCCGCTCAGGTATAAAGGT

GGCACTGTCTTTACTGTTCCA

Calm2

Calmodulin 2

CCTGAATTTCTGACAATGATGG

CATTGCCATCCTTATCAAACAC

Hmox1

Heme
oxygenase 1

ACCAAGGAGGTACACATCCA

CCATCACCAGCTTAAAGCCT

Sirt3

Sirtuin 3

AGGACTAGTGTTACAGGTGG

AAACTTCTTCTCACTGCTTCC

Adora2b

Shown are forward and reverse primer sequences for RT-qPCR analysis of indicated cardiac
transcripts.

Statistical analyses

Unless stated otherwise all physiological and proteomic data are expressed as means ±
SEM. To compare outcomes across groups an ANOVA was performed, with post-hoc analysis via
a Tukey’s test. Where appropriate, specific comparisons between data for intervention (Active,
Inactive or Re-Active) vs. time-matched control groups were made via two-tailed Student t-test. In
all tests significance was accepted for P<0.05.

4.4 Results
Animal characteristics

Initial body weights did not differ across groups at baseline, whereas differences were evident at
the end of the experimental protocols: weight gain observed in time-matched sedentary controls
significantly exceeded that for the Active group (Table 4.2). Transition to 7 days of inactivity and
a subsequent 3-day period of activity failed to significantly alter body weight beyond effects of the
initial running period. Heart mass and heart:body mass ratios were not significantly modified after
transitions to either activity or inactivity (Table 4.2).
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Table 4.2: Body and heart weights in Active, Inactive and Re-Active mice
controls)
Body Weight (gm)
GROUP
Pre-Experiment
Post-Experiment Heart Weight
(mg)

(vs. time-matched
Heart:Body
Weight Ratio
(mg/gm)

Active
22.9±0.3
24.0±0.5*
119±8
5.0±0.3
(n=20)
Control 1
23.2±0.3
25.0±0.3
118±5
4.7±0.2
(n=20)
Inactive
23.0±0.8
23.7±0.9*
113±7
4.8±0.2
(n=14)
Control 2
21.9±1.0
26.9±0.7
115±8
4.7±0.5
(n=14)
Re-Active
23.2±0.1
24.3±0.2*
112±2
4.6±0.1
(n=14)
Control 3
23.0±1.1
26.8±0.9
110±3
4.6±0.1
(n=14)
Values are shown as means ± SEM (n values shown). *P < 0.05 vs. respective sedentary Control
groups.

Table 4.3: Baseline functional properties of hearts from Active, Inactive and Re-Active mice (vs.
time-matched controls)
LV EDP
LV Systolic +dP/dt
-dP/dt
Coronary
GROUP
(mmHg)

Pressure

(mmHg/s)

(mmHg/s)

(mmHg)

Flow
(ml/min)

Active
(n=14)
Control 1
(n=14)
Inactive
(n=7)

2±1

143±7

5883±464

-3890±508

3.7±0.5

4±1

142±7

5261±525

-2296±120

3.7±0.4

5±2

141±7

3874±504

-2621±250

3.6±0.5

Control 2
(n=7)
Re-Active
(n=7)
Control 3
(n=7)

8±2

137±8

4702±410

-3484±242

3.7±0.3

2±1

134±8

6184±549

-3194±237

3.8±0.4

5±1

128±5

5869±414

-3218±181

3.7±0.4

Data were acquired after 30 min aerobic perfusion (hearts paced at 420 bpm). LV, left-ventricular;
EDP, end-diastolic pressure; +dP/dt, rate of increase in left ventricular systolic pressure; -dP/dt, rate
of decline in LV systolic pressure. No significant differences were detected between groups (P >
0.05). Values are shown as means ± SEM (n=7-14 per group). Values are shown as means ± SEM
(n=7-14 per group). *, P<0.05 vs. respective sedentary Control groups.
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Running characteristics for all groups are depicted in Figure 4.1. Mice increased overall
running speed by ~1 m/min per day, and daily distance run by 0.7 km/day, over the initial 14-day
Active period. Recovery of running following the 7-day Inactive period was extremely rapid:
running distance and speed recovered within the 1st day to levels attained after 7-14 days of initial
activity (Figure 4.1). Mice ran 226 km (range: 159-305 km) over the total experimental period,
averaging 13.3 km/day (9.4-17.9 km) at a mean speed of 32.7 m/min (26.4-37.2 m/min).
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Figure 4.1: Outline of Study Design & Running Characteristics
Outline of the study design, and running characteristics of C57BL/6 mice. A) Mice were given free
access to running wheels for 14 days (Active), with a subsequent 7-day period of locked running
wheels (Inactive), and a 3 day period of wheel running (Re-Active). Time-matched sedentary controls
(wheels locked throughout) were also assessed (Control 1, Control 2, Control 3). Cardiac tissue was
sampled at time points indicated by arrows. B) Mice progressively increased running from ~4
km/day on day 2 to ~10 km/day between days 10-14, in association with increased running speeds.
C) Initial activity characteristics for Active and Re-Active groups on transition to running
(demonstrating rapid recovery of running in previously active mice). Data are means ± SEM (n=1620 per group).
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Figure 4.2: Ischaemia Reperfusion in Langendorff-perfused Hearts

Effects of variations in voluntary activity on myocardial recovery from 25 min global normothermic
ischaemia and 45 min reperfusion. Data are shown for recoveries of left ventricular: A) end-diastolic
pressure; B) systolic pressure; C) developed pressure; D) +dP/dt; E) -dP/dt; and F) coronary flow rate.
Data are means ± SEM (n=6-8). *, P<0.05 vs. time-matched sedentary Control; †, P<0.05 Inactive
vs. Active; ‡, P<0.05 Re-Active vs. Inactive.
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Cardiac function and I-R tolerance

Baseline functional parameters for perfused hearts did not differ across groups (Table 4.3),
though there was a trend to slightly higher +dP/dt (5-10%) in Active and Re-Active vs. control hearts
(albeit insignificant). Following I-R insult all groups of hearts failed to recover contractile function
and coronary flow to normoxic (baseline) levels (Figure 4.2). However, 14 days of activity markedly
enhanced functional outcomes from I-R, with up to 50% improvements in left ventricular enddiastolic pressure, pressure development and ±dP/dt vs. time-matched controls (Figure 4.2).
Protection was not associated with shifts in systolic function (or coronary reflow), evidencing a
primary impact of activity on determinants of diastolic function and lusitropic and inotropic states.
A 7-day Inactive period negated this cardiac protective effect, while a 3-day return to activity
restored I-R tolerance to the level of the Active group (Figure 4.2).
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Figure 4.4: Immunoblot Analysis of Protein Expression

Effects of variations in voluntary activity on myocardial expression/ phosphorylation of proteins
influencing stress-resistance. Data are shown for phosphorylation states of: A) AKT; B) GSK3β; C)
ERK1/2; and D) AMPK; and expression of E) EGFR; and F) p-HSP27. Data are means ± SEM (n=6
per group). *, P<0.05 vs. time-matched sedentary Control; †, P<0.05 Inactive vs. Active; ‡, P<0.05
Re-Active vs. Inactive.
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Figure 4.5: Summary of molecular responses to initial activity, inactivity and subsequent
restoration of activity.
Initial activity in running-naïve mice triggered a broadly protective molecular profile encompassing

up to 2-fold elevations in AKT, AMPK, GSK3β and HSP27 phosphorylation, and EGFR expression
(ERK1/2 signaling unaltered). A period of inactivity selectively reduced EGFR expression and GSK3β
(and ERK1/2) phosphorylation (AKT, AMPK and HSP27 phosphorylation insensitive to inactivity).
Brief restoration of running selectively elevated EGFR expression and GSK3β (and ERK1/2)
phosphorylation, while p-HSP27 declined modestly (AKT and AMPK phosphorylation again
insensitive).
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Myocardial proteomic and transcriptional responses

Myocardial expression/ phosphorylation of kinases implicated in promoting (AKT, ERK1/2,
AMPK) or reducing (GSK3β) myocardial stress-resistance was assessed in each group, together with
expression of stress-responsive p-HSP27 and protective EGFR (Figure 4.4). Consistent with induction
of a broadly beneficial stress phenotype, 14 days of voluntary running significantly enhanced the
phospho-activation of protective AKT and AMPK, phospho-inhibition of GSK3β, and expression of
p-HSP27 and EGFR (Figure 4.4). In contrast, ERK1/2 phosphorylation was insensitive to initial
activity. Neither 7 days of physical inactivity nor a 3-day return to activity further influenced AKT or
AMPK phosphorylation (both remaining consistently above sedentary control levels). Expression of
p-HSP27 expression also remained elevated during the Inactive period, though declined modestly
with restoration of activity. Interestingly, ERK1/2 phosphorylation declined significantly during the
Inactive period, rising again with subsequent running (coupled with insensitivity to initial running,
this suggests specific sensitivity of ERK1/2 signalling to inactivity). In contrast to these variable
responses, phospho-inhibition of GSK3β and expression of EGFR increased with initial activity,
declined during inactivity and recovered again with subsequent restoration of activity (Figure 4.4).
Total cardiac expression levels for AKT, ERK1/2, AMPK and GSK3ß were not significantly altered by
transitions in activity/inactivity (data not shown).
Analysis of cardiac gene expression revealed a mix of changes (Figure 4.3), including: induction of
Anp with activity that was reversed with inactivity (yet was unresponsive to a subsequent return to
activity); reversible induction of Adora2b with inactivity, relative insensitivity of Calm2, and
apparent repression of Hmox1 and Sirt3 with activity/inactivity.

4.5 Discussion
Focused on short-term variations in voluntary activity, this study confirms high myocardial sensitivity
to activity and inactivity at transcriptomic (Anp, Adora2b), proteomic (EGFR expression), posttranslational (GSK3β phosphorylation) through to phenotypic levels (ischaemic tolerance). This form
of stress-resistance appears transient, dissipating within 1 wk of inactivity, yet was effectively
restored with subsequent brief activity. Though the molecular profile induced with initial activity in
running-naïve mice corresponds with that implicated in ischaemic preconditioning and calorie
restriction, only GSK3ß phosphorylation and EGFR expression are consistently sensitive to
activity/inactivity and parallel cardiac I-R tolerance. Activity-dependent stress-resistance thus does
not mimic ischaemic preconditioning or induce the molecular phenotype implicated in
preconditioning and caloric restriction responses (Budiono et al., 2012). A role for GSK3β in activityand inactivity-dependent stress-resistance is consistent with our prior analysis in Chapter 3, and
highlights the importance of the kinase in myocardial stress responses (Lal et al., 2015). Acute
activity-dependent control of EGFR expression has not been reported previously, though is also
consistent with control of stress-resistance given involvement in multiple cardioprotective responses
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(Williams-Pritchard et al., 2011).

Mouse running behaviour.

Studies of wheel-running show animals are willing to run high distances, even exceeding levels
observed in the wild (Sherwin, 1998). This form of activity presents a useful model for studying
physiological impacts of physical activity without complications of stress and stressful exerciseinducement. From the perspective of the biology of wild-type animals (and pre-industrial humans),
it is relevant to note that active subjects are more representative of a healthy control state whereas
conventional (sedentary) 'controls' exhibit unnatural levels of inactivity (with attendant reductions
in stress tolerance; Figure 4.2). One may thus interpret current findings in the context of Active
animals equating to a true control state.

Allowed free access to wheels, mice naïve to wheel-running progressively improve distances and
speed over the Active period. Consistent with a low intensity, myocardial mass, heart:body weight
and cardiac function are unaltered with 3-14 day transitions in voluntary activity, though body
weight did decline modestly over the course of the study (Table 4.2). Interestingly, while runningnaïve mice gradually increase running over 14 days, those subjected to a subsequent cycle of
inactivity/activity immediately return to these levels within the 1st day of restored running (Figure
4.1C). This supports an effective conditioning or memory effect, with running behaviour rapidly
recovering from inactivity in animals exposed to prior exercise. Thought to involve learning effects
within the CNS, this may also involve local mechanisms such as acquisition of inactivity-resistant
myonuclei (Bruusgaard et al., 2010). This rapid return of physical activity likely contributes to
prompt restoration of the protected phenotype.

Myocardial response to activity in running-naïve mice.

Protection against myocardial I-R injury can be induced with brief (1-7 days) periods of low- to
moderate-intensity activities (Budiono et al., 2012; Hamilton et al., 2001; Lennon et al., 2004a;
McGinnis et al., 2015; Miller et al., 2015; Taylor et al., 1999a), or prolonged periods of differing
forms of exercise (Esposito et al., 2011; Nicholson et al., 2011). Mechanisms of protection via these
stimuli likely vary, with cardiac phenotypic outcomes clearly distinct: myocardial (and central) stress
responses, structural and functional remodelling, shifts in myocyte geometry, cardiac and systemic
oxidative

stress,

and

anti-oxidant

induction

are

all

consistent

outcomes

with

high

intensity/prolonged exercise which are generally absent with brief shifts in voluntary activity. Here
the initial 14 days of voluntary running significantly enhanced I-R tolerance (Figure 4.2), in
association with a molecular profile consistent with that induced with preconditioning stimuli and
calorie restriction (Figure 4.3 & 4.4). Doubling of p-HSP27 suggests a potential 'stress' element in
this initial response, not evident with subsequent (yet equally protective) activity. The initial
molecular profile is also consistent with reports of exercise-dependent activation of AKT or AMPK
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(Coven et al., 2003; Kemi et al., 2008; Ma et al., 2013; Nicholson et al., 2011), phospho-inhibition
of GSK3β (Budiono et al., 2012) and induction of HSPs (Esposito et al., 2011), all predicted to
promote stress-resistance. However, this is the first report of rapid and reversible regulation of
myocardial EGFR expression via a physiological stimulus such as physical activity - a sensor
mechanism apparently more responsive to activity/inactivity than AKT, AMPK or HSP27
phosphorylation. The beneficial functions of this receptor (Lorita et al., 2010; Pareja et al., 2003),
and our data confirming involvement in protection via ischaemic preconditioning and G proteincoupled receptors (Williams-Pritchard et al., 2011), suggest this regulation will improve myocardial
stress-resistance. The only protein un-responsive to initial activity in mice naïve to running was
ERK1/2, in agreement with evidence the stress-kinase is insensitive to exercise (Konhilas et al., 2004).
Conversely, there is also evidence exercise may repress ERK1/2 (Gosselin et al., 2006), which is
proposed as a potential mechanism of protection via post-ischaemic exercise (Jiang et al., 2014).
However, shifts in ERK1/2 phospho-activation that parallel cardiac stress-resistance with subsequent
activity/inactivity (Figure 4.3) do not support such a function in the current model.
We previously observed a mixed transcriptional response to voluntary activity, involving modulation
of inflammatory/immune signalling and sarcomeric elements, without shifts in canonical protective
pathways (Budiono et al., 2012). Here, myocardial Anp was up-regulated with initial activity,
consistent with observations in models of more intense exercise (Pan, 2008). Induction requires
sustained activity, dissipating with inactivity, and was not apparent on subsequent running. Together
with the pattern of change in p-HSP27, these differential responses support differing degrees of stress
or molecular modulation with initial vs. subsequent physical activity. Exercise-dependent
modulation of stress-resistance and mitochondrial phenotype in non-cardiac tissues has also been
linked to heme oxygenase-1 and sirtuin 3, however neither Hmox1 nor Sirt3 was induced in Active
hearts, indeed appeared to be suppressed. Interestingly, one study found exercise training lowered
heme oxygenase-1 expression in other cell types, a potentially adaptive response to regular activity
(Niess et al., 1999).

Myocardial response to inactivity.

Effects of inactivity on myocardial stress-resistance, and underlying mechanisms, are not well
defined. Other cardiovascular changes with up to 3 months of exercise, including shifts in myocyte
structure and function, myocardial mechanics and autonomic control, dissipate within 2-4 wks of
inactivity (Bocalini et al., 2010; Kemi et al., 2004; Rogow et al., 2009; Waring et al., 2015). In terms
of depression of stress-resistance with inactivity, limited data hint at a dependence on the
intensity/duration of prior activity: ischaemic tolerance with 8 days of exercise (final 3 at 70% VO2
) is lost after 18 days of inactivity (Lennon et al., 2004b); that induced with 4 wks of voluntary

max

running is reportedly lost after 4 wks (Nicholson et al., 2011); while protective effects of a 10 wk
high-intensity exercise regime (80% VO2max) are still partially retained after 4 wks of inactivity
(Esposito et al., 2011). Considered with the current data, demonstrating that stress-resistance with 2
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wks of voluntary running is lost within 1 wk of inactivity (Figure 4.2), these observations suggest a
degree of dose-dependency, whereby rapidity of inactivity effects is inversely related to
duration/intensity of prior exercise, though this requires further interrogation.
Although inactivity can modify molecular processes distinct from those influenced by
activity (Booth et al., 2012), there is also evidence inactivity at least partially reverses myocardial
mechanisms of activity-dependent stress-resistance: loss of protection via 8 days of running is
associated with partial reversal of HSP72 and catalase induction (Lennon et al., 2004a); loss of
$3-adrenergic receptor induction (and resultant NO bioavailability) (Nicholson et al., 2011); and loss
of protection after 10 wks of high-intensity exercise parallels reversal of HSP70 and MnSOD
induction (without changes in markers of oxidative stress) (Esposito et al., 2011). The present data
reveal both common and distinct molecular responses to inactivity vs. activity (Figure 4.5): while 7
days of inactivity reduced ischaemic tolerance, phosphorylated levels of AKT, AMPK and HSP27
were insensitive, remaining at levels induced by initial running (Figure 4.3 & 4.5); conversely, stressintolerance with inactivity was paralleled by depression of GSK3β phosphorylation and EGFR
expression, and was also associated with specific reduction in ERK1/2 phosphorylation and
induction of A2B adenosine receptor transcript (Adora2b). The latter receptor is implicated in stressresponsive cardioprotection, and influences myocardial repair, remodelling and inflammation.
Induction of this uniquely stress-sensitive receptor (Eltzschig et al., 2013) was reversed on restoration
of activity. Translation at the protein level, and the potential physiologic relevance of this inactivity
response warrant further analysis.

Myocardial response to subsequent bouts of activity. Although exercise-dependent memory
effects are well established for skeletal muscle, whether myocardial protective or other responses
exhibit some form of memory is less clear. The current data (Figure 4.2) indicate cardioprotection,
GSK3ß phosphorylation and EGFR expression are all rapidly restored within 3 days of a return to
activity. Thus, maintenance of cardioprotection requires ongoing activity yet can be rapidly
reinstated with brief activity. While we have not interrogated shorter periods of activity, these data
suggest a memory-like effect in terms of rapid induction of the cardioprotected phenotype. Prior
running also modifies the molecular impact of subsequent activity: initial running induced broadspectrum changes (AKT, AMPK, HSP27, GSK3β, EGFR all modified) whereas subsequent activity
selectively modulated GSK3ß and EGFR (with a tendency for reduced p-HSP27). Reversible GSK3β
phosphorylation and novel EGFR expression may thus consistently couple cardiac stress phenotype
to elevations and reductions in activity level.

Insensitivities of AKT, AMPK and HSP27 signalling to inactivity and subsequently restored
activity (Figure 4.3) are inconsistent with involvement in reversible stress-tolerance. They could play
some role during the initial response in running naïve mice, which may present a more profound
stimulus than subsequent activity (based on select p-HSP27 and Anp induction). Prior studies also
question the role of heat shock proteins in activity-dependent protection (Powers et al., 2014), and
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while AKT is implicated in diverse protective responses, expression/activation may impair cardiac
I-R tolerance (Kohl 2001) and preconditioning (Fullmer et al., 2013), while selective stimulation fails
to induce protection (Moreira et al., 2015). Although current and prior data (Coven et al., 2003;
Kristiansen et al., 2009) confirm AMPK can be activated with exercise, and this kinase may mediate
anti-fibrotic effects of more intense swimming (Ma et al., 2015), no study has yet revealed a causal
role for AMPK in activity-dependent I-R tolerance. These broad-spectrum molecular responses to
initial activity in running-naïve mice, coupled with select p-HSP27 and Anp induction, suggest this
represents a more profound (or stressful) stimulus, engaging a molecular phenotype akin to that with
ischaemic preconditioning. Subsequent activity transitions do not influence this cardioprotective
profile, but selectively regulate GSK3β and EGFR signalling.

Study limitations.

Two limitations are worth noting. Absent direct measures of cell death we cannot ascertain the
relative contributions of improved cellular function vs. survival to activity-dependent protection.
This is relevant to prior studies reporting exercise protection against reversible ‘stunning’ in models
that involve both contractile dysfunction and cell death (Hamilton et al., 2001; Lennon et al.,
2004b): we show ≥20 min ischaemia induces cell death in this model (Headrick et al., 2001),
impacting functional outcomes. While we document a strong correlation between diastolic
dysfunction (altered here with activity/inactivity) and oncotic death in this model (Peart and
Headrick, 2003), specific impacts of activity on contractile stunning vs. cell death await specific
delineation. An additional limitation is that mouse activity outside running wheels was not recorded
- whether incidental activity of experimental vs. control mice varied during wheel-lock periods is
not known. The study even with such limitations presents interesting findings that will hopefully
provide

a

reductionist

confirmation

into

the

mechanisms

involved,

by

incorporating

pharmacological agents such as kinase inhibitors.

Perspective

Cardiac sensitivity to voluntary activity here shows myocardial stress-resistance is highly plastic,
paralleling short-term variations in low-intensity physical activity. Myocardial I-R resistance thus
appears strongly dependent upon recent physical activity patterns, which may be more relevant to
cardioprotection than a prior history of activity (or inactivity). While initial, potentially more stressful
activity in naïve animals induces a molecular profile resembling that for ischaemic preconditioning
or calorie restriction, the coupling of myocardial stress-resistance to activity/inactivity correlates
more specifically with reversible control of GSK3β phosphorylation and EGFR expression. A key
question is how these latter post-translational and translational responses arise? Dissociation from
AKT, ERK1/2 or AMPK phospho-activation suggests involvement of alternate signalling paths. Other
kinases able to phosphorylate GSK3β (Ser9) include PKA, p70/p85 and p90-ribosomal S6 kinases,
mitogen- and stress-activated protein kinases, and serum/glucocorticoid-regulated kinases (Sugden
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et al., 2008). Expression of EGFR (ErbB-1, HER1), on the other hand, may be regulated by HIF-2#,
with hypoxic induction involving a recently identified internal ribosome entry site within its 5'
untranslated region (Webb et al., 2015). These regulatory mechanisms deserve further attention,
with additional work required to clarify mechanistic involvement of GSK3β and EGFR in
activity/inactivity effects. From a therapeutic perspective, GSK3β is already highlighted as a
potentially valuable target (Lal et al., 2015), while relatively little attention has been paid to EGFR.
Acute activation of this receptor tyrosine kinase is cardioprotective (Lorita et al., 2010; Pareja et al.,
2003), and molecular dissection of the control of its expression may reveal opportunities to
therapeutically manipulate EGFR functionality, although growth/hypertrophic effects of the receptor
could pose a challenge.
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5!
EFFECTS OF SHORT TO LONG-TERM
VOLUNTARY WHEEL RUNNING ON
MYOCARDIAL SIGNALLING
MOLECULES AND ISCHAEMIC
TOLERANCE

121

5.1!

Abstract
Effects of physical activity on the heart, and underlying mechanisms, may vary according to
exercise duration, mode and intensity. Herein the myocardial impacts of brief (2 day; 2EX),
intermediate (7 day; 7EX and 14 day; 14EX) and extended (28 day; 28EX) periods of low-stress
voluntary wheel running (VWR) were studied in male C57Bl/6 mice. Hearts were assessed for
molecular remodelling, and shifts in cardiac function and resistance to ischaemia-reperfusion
ex vivo. Mice progressively increased running distances and velocities from 2.4±0.2 km/day and
0.55±0.04 m/s at 2-days to longer periods of VWR of 10.6±0.4 km/day and 0.72±0.06 m/s at
28-days. Myocardial mass was increased with 14 and 28 days of VWR, together with evidence
of modestly improved cardiac inotropic and lusitropic function with longer periods of VWR.
There was no ‘dose-dependence’ of cardioprotection, with tolerance to ischaemia significantly
improved with 7 days of VWR, and no further improvements with longer running periods.
Improvements in ischaemic tolerance were associated with increased cardiac expression of
phospho-AKT, -GSK3$ and -ERK1/2, while phospho-AMPK was enhanced with brief but not
longer VWR. Running also differentially modified gene transcription, with potentially beneficial
up-regulation of determinants of myofibrillar structure and function (Ttn), caveolar signalling
(Cav3), glycolysis (Pfkm) and mitochondrial biogenesis (Pgc1a)

vs.

repression of

injurious/degradative Mmp2 (and mitochondrial ketone metabolism - Bdh1). Intriguingly, I-R
tolerance was also improved in both 2EX and 2SED groups (ie. independent of running) vs. mice
subjected to longer acclimation and sedentary periods, suggesting a cardioprotective effect of
environment enrichment (presence of a locked running wheel) independently of running.
Summarising these findings, data indicate that: i) as little as 7 days of VWR induces
cardioprotection; ii) there is no ‘dosage’ effect between VWR duration and associated
cardioprotection; and iii) cardiac benefit with VWR may involve improved survival kinase
signalling together with mitochondrial, contractile and caveolar modulation. Data also hint at
transient stress-resistance in response to simple environment enrichment, in association with
similar molecular modifications.

5.2!

Introduction

Regular physical activity is a simple, practical and highly effective preventative measure against
cardiovascular disease (CVD), and also offers potential in terms of more direct ‘cardioprotection’
against the injurious effects of I-R and infarction. Unfortunately, despite clear evidence of benefit
(and conversely, the highly detrimental effects of sedentariness), a majority of adults and increasing
numbers of children fail to meet recommended minimum daily activity levels (Tucker et al., 2011).
This may be exacerbated by confusion (and apathy) engendered by apparent debate regarding both
exercise and dietary recommendations (Simpson et al., 2015). Clarifying the effects and underlying
mechanisms of activity-dependent cardioprotection can not only facilitate consensus, but lead to
more effective management strategies for reduction of CVD risk and improvement of outcomes from
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ischaemic heart disease (Frasier et al., 2011; Powers et al., 2014).

Animal studies reveal powerful exercise/stress dependent protection that may prime the heart
against more serious stresses such as myocardial I/R injury (Starnes and Taylor, 2007b). Importantly,
physical activity and calorie restriction are among the very few protective interventions that are
consistently efficacious in aged hearts/subjects, and in the presence of major co-morbidities
including diabetes, hypertension and dyslipidaemia. Moreover, physical activity (and caloric
limitation) also has the capacity to restore normal protective signalling and responses in older or
diseased hearts (Abete et al., 2010; 2002; Ferrara et al., 2008; Rinaldi et al., 2006). However,
multiple factors may contribute to and influence these protective outcomes, including duration,
intensity and mode of activity, together with associated stress or shifts in emotional state (Simonsen
et al., 2010).

Exercise is generally a physiological stressor activating multiple mechanisms throughout the
body. However, extreme levels and durations of physical activity, and associated stress, may have
untoward impacts on cardiac outcomes and the normal benefits of activity. Multiple endogenous
systems are likely to be activated by the systemic stimulus of exercise, and investigations of exercise
cardioprotection have focused on roles of heat shock proteins, antioxidants, NO, cyclooxygenase2, among others (KL, 2007; Milne, 2002; Nicholson et al., 2011; Yamashita et al., 1999). Relatively
few studies assess the overall signal network in exercise, from agonism of membrane G protein
coupled receptors (GPCRs) through activation of pro-survival kinase pathways (such as the
reperfusion injury salvage kinase or RISK path) (Hausenloy and Yellon, 2007a). These same
signalling mechanisms may contribute to other adaptations, including physiological hypertrophy
(thought to involve PI3K/AKT signals) and altered substrate and energy metabolism (involving shifts
in AMPK activity) (McMullen, 2003; Morrison and Li, 2011). Interestingly, findings from studies
described in Chapter 4 reveal a dissociation of ischaemic tolerance changes from conventional
'survival' kinases during activity/inactivity transitions, including Akt and AMPK, although the
enzyme GSK3ß was consistently linked, as was expression of the EGFR receptor.

A key question, relevant to both optimisation of exercise benefits and utility of exercise
prescription in CVD, is the impact of exercise duration and mode on cardiac outcomes (and
associated signalling mechanisms). Exercise-induced cardioprotection may be rapidly induced even
in moderate increases of physical activity. For example, initial studies in this thesis showed that as
little as 7 days of moderate intensity voluntary wheel-running (VWR) induces substantial
cardioprotection (Budiono et al., 2012), while others show as little as 1-3 days of more intensity
exercise may elicit protection (Demirel et al., 2001b; Hamilton et al., 2001). Whether added benefits
arise with longer duration activity is unclear: is exercise cardioprotection ‘dose-dependent’ with
respect to duration or intensity?
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The overarching goals of this study were thus to test the dose-dependence of cardioprotection in
terms of duration of low-stress activity (voluntary wheel running), and to determine whether shifts
in cardiac stress-resistance are consistently linked with modulation of putative determinants of tissue
protection vs. injury (eg. AKT, AMPK, ERK1/2, GSK3β)
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5.3!

Methods

All studies were approved by and performed in accordance with the guidelines of the Animal Ethics
Committee of Griffith University, which is accredited by the Queensland Government, Department of
Primary Industries and Fisheries under the guidelines of "The Animal Care and Protection Act 2001,
Section 757".

Animals and experimental design.

Male C57Bl/6 mice aged 8-10 weeks (Central Animal House, University of Queensland, Australia) were
acclimated to 12:12h light/dark cycles and housed at 23±2ºC in communal cages fitted with corn-cob
bedding and nesting materials (two Kleenex tissues). Mice were provided standard rodent chow (Specialty
Feeds, Glen Forest, Australia) and water ad libitum. They were then introduced into large individual cages
(40 x 37.5 x 17.5 cm) containing locked rodent running-wheels (20 cm dia/6.5 cm wide Wodent Wheels;
Transoniq, Flagstaff, AZ, USA) for a period of 3 days before random allocation to eight groups: 2EX, 7EX,
14EX, 28EX vs. time-matched sedentary groups 2SED, 7SED, 14SED and 28SED. Wheels were unlocked
for the exercise (EX) groups and locked for the respective sedentary (SED) groups. Bidirectional wheel
running was recorded daily via calibrated bicycle computers (model BC-560, Sigma Sport, Olney, IL),
permitting analysis of daily running distances and time spent running. Free-roaming activity outside of
wheels and in control cages was not measured.

At the end of each experimental period mice were anaesthetised with 60 mg/kg sodium
pentobarbital administered intraperitoneally, hearts rapidly removed, washed briefly in ice-cold isotonic
Krebs solution, and either cryogenically frozen for proteomic and transcriptional analyses or perfused for
assessment of cardiac function and ischaemic tolerance ex vivo.

Ischaemia-reperfusion in Langendorff perfused hearts.
Hearts were isolated and perfused via the aorta in a Langendorff mode, as detailed previously (Headrick
et al., 2001) and in Chapter 2. Contractile function was monitored via a water-filled balloon located in
the left ventricle and inflated to an end-diastolic pressure of ~5 mmHg. Coronary flow was monitored with
an ultrasonic flow-probe proximal to the aortic cannula and connected to a T206 flowmeter (Transonic
Systems Inc, Ithaca, NY, USA). All functional data were recorded at 1 KHz on a Powerlab 4/30 system
(ADInstruments, Castle Hill, Australia) connected to an Apple iMac computer. The ventricular pressure
signal was digitally processed to yield peak systolic pressure, diastolic pressure, +dP/dt, -dP/dt and heart
rate.
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Following 20 min stabilisation hearts were switched to ventricular pacing at 420 bpm. Baseline
measurements were made after a further 10 min before initiating a 25 min period of global normothermic
ischemia followed by 45 min aerobic reperfusion. Ventricular pacing was terminated on initiation of
ischemia and resumed after 1.5 min of reperfusion. Hearts were excluded from study after pre-ischemic
stabilisation if they met one of the following criteria: i) coronary flow >5 ml/min, ii) unstable contractile
function, iii) left ventricular systolic pressure <100 mmHg, or iv) significant arrhythmias.

Analysis of myocardial kinase expression.
Ventricular lysates were prepared from frozen hearts, and samples containing 30 μg of total protein were
loaded onto 10% acrylamide gels and separated at 150 V for ~1.5 hrs. Proteins were transferred to
polyvinylidene difluoride membranes and blocked in 5% skim milk powder in TBST for 60 min.
Membranes were incubated with primary antibody (total and phosphorylated Akt, Erk1/2, GSK3ß and
AMPK, and $-actin; 1:1000, Cell Signaling Technology Inc., Danvers, MA, USA) overnight at 4°C.
Following 3 washes in TBST, membranes were incubated with secondary antibody and visualised on a
ChemiDoc XRS system (Bio-Rad, Hercules, CA, USA). For purposes of comparison, protein expression
data was normalised to that in control 7SED hearts.

RNA isolation and quantitative reverse transcription PCR (RT-qPCR) analysis.

Ventricular myocardium was homogenised in TRIzol® reagent (Invitrogen, Carlsbad, CA, USA) and total
RNA isolated according to manufacturer’s guidelines. Total RNA was further purified using RNeasy spin
columns (Qiagen, Maryland, USA). Total RNA yield and integrity were determined using a NanoDrop
ND-1000 (NanoDrop Technologies, Wilmington, DE, USA).

Two-step RT-qPCR, utilising SYBR Green I, was employed to confirm differential gene expression
in 6 transcripts (see Table 5.1 for primer details). Briefly, 500 ng total RNA was used to synthesise cDNA
using the Superscript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA) using manufacturer’s
protocols. Each 10 µL RT-qPCR reaction contained 1× SYBR Green Supermix (Bio-Rad, Hercules, CA,
USA), 50 nM of each primer and 5 µL of a 1:20 dilution of cDNA, and was assayed on a CFX96 RT-qPCR
system (Bio-Rad, Hercules, CA, USA). Optimal RT-qPCR cycling conditions consisted of an initial
denaturation at 95°C for 3 min followed by 40 cycles of 95°C for 15 sec / 62°C for 60 sec. After the final
cycle, reactions underwent melt curve analysis to detect non-specific amplicons. Reactions were
performed in triplicate and expression levels normalised to phosphoglycerate kinase 1 (Pgk1) as a
reference gene. Changes in gene expression relative to control sedentary hearts were calculated using the
2-∆Ct method.
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Statistical analyses.
Unless stated otherwise, physiological, proteomic and transcriptional data are expressed as means ± SEM.
Data was compared across all groups using ANOVA with post-hoc analysis via a Tukey’s test. However,
where appropriate, specific comparisons were made between respective exercise and sedentary groups
using a 2-tailed Student t-test. Significance was considered at a P-value less than 0.05.

Table 5.1: Primer Sequences for RT-qPCR Analyses
Symbol

Entrez Gene Name

Forward & Reverse Sequences

Cav3

caveolin 3

Forward: TCACAATGATGACCGAAGAG
Reverse: AAATCTACCTTCACAATGTCCT

Mmp2

matrix
metalloproteinase-2

Forward: CTGGGCAACAAGTATGAGAG
Reverse: GAATAGGCTATATCCTTGGTCAG

Ppargc1a

peroxisome
proliferator-activated
receptor gamma,
coactivator 1 alpha

Forward: GAGAATGGATATACTTTACGCAGG
Reverse: TCTGAGTTGGTATCTAGGTCTG

Pfkm

Phosphofructokinase
(muscle)

Forward: AGACTTTGAACACCGAATCC
Reverse: TTCCTTGAAATGTGCTCCAG

Pgk1

phosphoglycerate
kinase 1

Forward: GTCCGTTGTCCTTATGAGCC
Reverse: GAACAGAACATCCTTGCCCA

Sirt3

sirtuin 3

Forward: AGGACTAGTGTTACAGGTGG
Reverse: AAACTTCTTCTCACTGCTTCC

Shown above are genes assessed, and forward and reverse primer sequences for RT-qPCR
analysis.
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5.4!

Results

Animal and running characteristics

Table 5.2 presents the basic characteristics of the mouse cohorts studied. Baseline body weights were
comparable on commencement of studies, with no discernible pattern of change arising between
sedentary and exercised groups. Heart weights were significantly increased by VWR in the 14EX (131.3
vs. 117 mg; P<0.05) and 28EX (139.6 vs. 119.1 mg; P<0.05) groups, with heart:body ratios also
significantly increased (Table 5.2). In terms of running behaviour, mice exhibited a training response to
VWR, progressively increasing daily running distances and speeds (Figures 5.1 & 5.2).
Figure 5.1 plots the daily running activity of individual mice running for 28-days (n = 18). The end-point
difference between the top runner (353 kms) and the lowest runner (201 kms) was ~75%, with average
cumulative running distance to be 279 kms (±11 kms). The gradient of the cumulative distance recorded
each day shows a steady pattern. Figure 5.2 presents all groups superimposed. At the end of 14-days (n
= 20), average distance run was 96 kms (±12) which was not dissimilar to the result at this same time in
the 28-day group (98 kms). Similarly, the 2EX and 7EX groups show similar overlapping patterns. In short,
these findings confirm the uniformity of running across the different running-time cohorts, which if to be
employed to map time-dependent changes in phenotype and gene expression should exhibit
superimposable running responses. The 2EX group ran on average 2.4 km/day while the 28EX group ran
10.6 km/day (Figure 5.3, Table 5.4). There were no apparent effects of VWR on plasma lipid profiles
(Figure 5.4).

Effects of wheel-running on cardiac function and I-R tolerance
Exercise did not induce major shifts in ex vivo cardiovascular function, though there was some evidence
of modest improvements in cardiac contractile function with 7 and 28 days of VWR (in terms of dP/dt),
and moderately improved coronary flow after these same periods of VWR (Table 5.3).

128

Table 5.2: Descriptive Data for 2-28 Day Run and Sedentary Mice

Group

Body Mass (g)

∆ Mass
(g)

Heart Mass
(mg)

Heart:Body
Ratio
(mg/g)

Pre

Post

2SED
n=16
2EX
n=16
7SED
n=16

23.3±0.5

24.5±0.1

+1.2

109+4

4.4±0.3

25.9±0.4

24.2±0.5

-1.7

113±3

4.7±0.1

24.6±0.7

22.0±0.1

-2.6

112±4

4.6±0.2

7EX
n=16
14SED
n=16
14EX
n=16
28SED
n=16
28EX
n=16

23.9±0.3

23.0±0.2

-0.9

114±2

4.8±0.2

23.8±0.7

23.9±0.8

+0.1

117±4

4.9±0.3

23.9±0.4

24.3±0.3

+0.4

131.3±4*

5.4±0.4*

24.0±0.5

24.4±0.7

+0.4

119.1±3

4.9±0.2

24.1±0.3

23.9±0.2

-0.2

139.6±6*

5.8±0.3*

Data are expressed as means ± SE. *, denotes P<0.05 for EX vs. respective SED group.

Following ischaemia sedentary hearts exhibited elevations in end-diastolic pressure (EDP) of ~ 25 mmHg
and 60-70% reductions in left ventricular pressure development (LVDP) and + dP/dt compared with preischemic function (Figure 5.5). The exercise groups exhibited lower diastolic dysfunction (~ 18 mmHg)
and significantly improved recoveries of LVDP and dP/dt (to 25-35%) for 7-28 day VWR groups. Curiously,
recoveries for the 2SED and 2EX groups did not differ.
Myocardial expression of pro-survival kinases
Cytosolic and membrane levels of p-AKT were increased with 7-28 days of running. A trend to increased
cytosolic and membrane GSK3ß phosphorylation was also apparent, though only achieved significance
after 28 days (for cytosolic) and 7 and 28 days (for membrane). Similarly, cytosolic p-ERK1/2 was increased
in 7 and 28 day running groups whereas p-AMPK was elevated in the 7 day running group. Overall a
pattern of stress kinase phosphorylation was evident in run vs. sedentary hearts, though the pattern of
change was not consistent.

Transcriptional responses to VWR
Periods of VWR differentially modified cardiac gene transcription, including up-regulation of Cav3 and
Pgc1a

vs.

repression of Mmp2. Interestingly, cardiac transcription of Ttn was 'dose-dependently'

augmented by increasing periods of VWR. Expression of Cav3 was only modified with 28 days (not shorter
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periods) of VWR, though did differ in 2EX vs. 2SED hearts. Indeed, most of the transcript responses to
VWR (excluding Ttn induction) were evident in 2EX vs. 2SED hearts, suggesting a 2 day period of running
was sufficient to trigger significant transcriptional modulation.

Table 5.3: Baseline (normoxic) Functional Parameters for Hearts From Sedentary and VWR Mice
Group

EDP

Systolic
Pressure

Heart
Rate

+dP/dt

-dP/dt

Flow

(mmHg)

(mmHg)

(bpm)

(mmHg/s)

(mmHg/s)

(ml/min)

2SED
n=8

3±1

142±6

427±3

4389±217

-2337±247

3.7±0.7

2EX
n=8

5±1

143±6

418±3

4354±244

-3210±529

3.5±0.3

7SED
n=9

5±1

128±10

405±10

5397±637

-3682±409

3.5±0.4

7EX
n=9

3±1

165±6*

413±6

7595±321*

-4710±523*

4.5±0.4*

14SED
n=9

4±1

142±5

423±2

5171±266

-3099±162

3.6±0.3

14EX
n=9

2±1

142±4

410±9

5303±270

-3792±205*

3.4±0.3

28SED
n=8

6±2

146±9

419±6

5398±311

-3430±408

3.2±0.3

28EX
n=8

4±1

164±7*

417±3

6099±287*

-2995±180

3.8±0.2*

Data were acquired after 25 min aerobic perfusion (at a fixed pacing rate of 420 bpm). Data are means ±
S.E.M. EDP, end-diastolic pressure; +dP/dt, rate of increase in LV systolic pressure (rate of LV contraction);
-dP/dt, rate of decline in LV systolic pressure (rate of LV relaxation). Significance was measured by
analysing each time point with its respective sedentary group. Data are expressed as means ± SE. * denotes
P<0.05 vs. respective SED.
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Figure 5.1: Total Running Distance of 28-day Running Mice

Total running distance (km) of each male wild-type C57Bl/6 mouse over 28-days (n=18). Highest runner
recorded 352.57 km and lowest runner recorded 200.85 km over the entire experiment duration.
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Figure 5.2 Time-course of Cumulative Distance in Voluntary Running Mice

Voluntary wheel total running distance (kms) of male wild-type C57Bl/6 mice over 2-days (n=14), 7-days
(n=14), 14-days (n=20) and 28-days (n=18). Data are means ± S.E.M.

Figure 5.3: Running Characteristics of 8-wk Male C57BL/6 Mice.
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Data are shown for mean running rate per day (km/day), total cumulative distance run (km) over 7 to 28
days of wheel running. Data are expressed as means ± S.E.M. (n=16 per group).
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Table 5.4: Running Properties for Mice Undertaking 2 - 28 Days of Wheel-Running
Group
VWR Rate
VWR Velocity
Cumulative Distance
(km/day)

(m/s)

(km)

2EX
n=16

2.4±0.2

0.55±0.04

5±7

7EX
n=16

5.3±0.3

0.83±0.07

33±7

14EX
n=16

6.9±0.9

0.67±0.04

96±7

28EX
n=16

10.6±0.4

0.72±0.06

278±7

Voluntary Wheel Running (VWR) of 2-, 7-, 14-, and 28-day groups in terms of running rate (km/day),
velocity (m/s) and cumulative distance (km). Data are expressed as means ± S.E.M.
Figure 5.4: Plasma Lipid Profiles for Sedentary and Running mice
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Figure 5.5: Myocardial Functional Tolerance to Ischaemia-Reperfusion Is Improved with WheelRunning.
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P<0.001 vs. respective SED.
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Figure 5.6: Cardiac Transcript Expression Changes with 2-28 Day Wheel-Running
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Figure 5.7: Protein Kinase and GAPDH Expression After 2-28 Days of Wheel-Running.
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5.5!

Discussion

Whether greater cardiac benefits can be achieved with longer or more intense forms of activity is unclear.
Studies in prior chapters confirm that as little as 7 days of VWR induces a cardioprotected state, however
to our knowledge this study was the first analysis of the dose-response relation between exercise duration
and cardioprotection. The current study confirms that moderate levels of VWR induce a cardioprotected
state, which does not appear to be dose-dependent in terms of duration of activity - a maximal level of
protection appears to be induced with as little as 7 days of running. This cardiac adaptation was associated
with significant modulation of stress signalling, together with transcriptional shifts favouring beneficial
mitochondrial, caveolar and contractile phenotypes. Intriguingly, evidence also suggests that a brief period
of environmental enrichment may induce a similar albeit quite transient level of cardiac protection
(involving similar molecular modifications). Even so, further investigation is required as the required
controls to confirm such phenomenon were not done in this study (e.g. a cage without wheels, or use of
a conventional, smaller cage).
Molecular Responses to Running: Interestingly, and broadly consistent with lack of dose-response
in terms of cardioprotection, there was little evidence for a duration-dependent effect of running on either
kinase signalling (Figure 5.7) or transcriptional changes (Figure 5.6). It thus appears that as little as 7 days
of relatively low-intensity VWR was sufficient to induce maximally effective cardioprotection in
association with similar modulation of molecular effectors. The molecular changes are certainly consistent
with a protected phenotype: phospho-activation of Akt, ERK1/2 and AMPK and phospho-inhibition of
GSK3β as a result of 7-28 days of running are predicted to enhance cardiac stress tolerance and survival.
These changes are consistent with the notion that protective ‘conditioning’ stimuli act via modulation of
stress kinase signalling. Despite some differences in outcome, these data are generally in agreement with
prior studies in Chapters 3-4, in which phospho-modulation of key kinases was also observed. However,
work reported in Chapter 4 suggests that activity-dependent ischaemic tolerance may be dissociated from
prototypic survival kinases including Akt and AMPK. Thus, while the patterns of kinase signalling observed
here are certainly consistent with a protected state, their specific mechanistic importance remains
questionable.

Similarly, transcript changes are also consistent with a cardioprotected phenotype, and other changes in
models of exercise. For example, extracellular levels of MMP2 have been recently shown to be repressed
with exercise (Pósa et al 2015), in association with protection against cardiac injury. Pfkm, is responsible
for the enzyme phosphofructokinase in the rate limiting step of glycolysis which involves the catalysis of
fructose-6-phosphate to fructose-1,6-bisphosphate (Vogt et al., 2000). The microarray data shown in
Chapter 3 showed Pfkm was among the most upregulated genes observed at 7 days, and this study shows
that expression is maintained up to 28-days. It has been shown in previous studies that its expression in
skeletal muscle is reliant on an endogenous molecular clock within skeletal muscle to regulate metabolism
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(Hodge et al., 2015), which circadian rhythm is often enhanced with VWR (Schwartz and Zimmerman,
1990; Stranahan et al., 2008). Surprisingly, Cav3, PGC1#, and Sirt3, although indicating upregulation
within exercised groups, only showed a significant difference within the 28-day group. These genes have
been implicated in a variety of cardioprotective mechanisms such as mitochondrial biogenesis & function,
and enhanced GPCR signaling (Bernatchez, 2012; Bossy-Wetzel, 2013; Scarpulla, 2011).
Cardioprotection in 2 day Experimental Groups: The 2-day EX and SED groups are of particular interest
since they both exhibit molecular changes akin to those induced with 7-28 days of VWR here and in prior
chapters, which are associated with substantial ischaemic tolerance. Importantly, this effect appears to be
independent of running (ie. molecular changes and ischaemic tolerance are apparent in both the SED and
EX groups). Perhaps the simplest interpretation is that the acute change in larger area housing and
environmental enrichment (inclusion of running wheels) induces a significant albeit transient increase in
cardiac stress-resistance. This is consistent with common elevations in p-AKT and p-ERK1/2 in the 2EX
and 2SED groups, beyond levels for other sedentary groups (and equivalent to levels in 28EX hearts). Prior
studies report a variety of beneficial molecular and phenotypic responses to environmental enrichment in
mice, particularly at the level of the nervous system and neurohumoral control (Hannan, 2014; Mo et al.,
2016). This early cardioprotective effect has not been previously reported, however, at this stage it is
somewhat speculative without the addition of additional controls. Ultimately the potential effects of
housing environment and transition to individual housing need to be disentangled. These intriguing
observations of acute protection via simple environmental enrichment warrant further investigation, and
may highlight the importance of psychological state in dictating myocardial phenotype. For example, it is
known that depression impairs infarct tolerance in rodents and humans (Headrick et al., 2017). This
observation may also have relevance to animal care, raising questions regarding the behavioural status in
‘control’ caged rodents. The basis of the effect is unclear, though as noted involves beneficial modulation
of cardiac stress kinase signalling. Certainly stress hormones (Meijer et al., 2007) and CNS function
(Hannan, 2014; Mo et al., 2016) are responsive and may in turn influence cardiac phenotype.

Conclusions

The current data indicate that VWR does not induce dose-dependent changes in cardiac phenotype in
terms of exercise duration (or volume). Rather, benefit arises with as little as 7 days running and is not
improved with up to 28 days of running. This may have implications for exercise prescription and notions
of benefit in myocardial infarction - as evidence presented in Chapter 4 suggests, recent physical activity
may be more relevant to cardioprotection rather than a history of exercise. The protected phenotype at
each level of running is associated with a common series of changes in stress kinases, including phosphoactivation of survival proteins (AKT, ERK1/2) and phospho-inhibition of injurious GSK3ß, consistent with
a protected phenotype. Transcriptional changes also tend to favour improved cardiac and mitochondrial
phenotypes. Observed protection and parallel molecular changes in mice subjected to an initial 2 days of
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sedentary or running behaviour are intriguing, suggesting a potentially powerful protection via
environmental enrichment alone. This effect involves similar modifications in stress signalling and
deserves further focussed investigation as it is currently speculative without it. Nevertheless, this study
provides the first evidence from a mammalian model that environmental enrichment may substantially
(and acutely) influence myocardial stress signalling and responses of the heart to insult.
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6
EFFECTS OF FORCED SWIMMING ON
CARDIAC ISCHAEMIC TOLERANCE
AND SIGNALLING PATHS, AND
ORGAN-SPECIFIC IMMUNOINFLAMMATORY PHENOTYPES
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6.1!

Abstract

Physical activity promotes physiological hypertrophy and resistance to ischemia-reperfusion (I-R) injury in
the heart. While prior work in this thesis indicated no dose-response relation between voluntary running
and cardiac outcomes, it is unknown whether greater benefit might be achievable with more intense forms
of activity. However, whether more intense (forced) activity exerts beneficial or detrimental effects on
organ-specific immuno-inflammatory function is unclear. This study assessed effects of 1-2 wks of
intensive swim training on cardiac phenotype, including resistance to ischaemia-reperfusion and
transcription/expression of ‘survival’ signalling molecules, together with organ-specific inflammatory and
immune changes. Hearts exhibited modest hypertrophy (15% and 22% increases in heart:body weight
after 1 and 2 wks, respectively), with improved contractility evident at 2 wks (22% increase in +dP/dt;
P<0.01). As opposed to voluntary wheel running, 1 wk of forced swimming did not modify ischemic
tolerance in ex vivo perfused hearts, however 2 wk swimming significantly improved functional outcomes
from I-R (61±6% vs. 44±4% recovery of pressure development, P<0.01; 13±2 vs. 27±2 mmHg recovery
NF%B was reduced, however in this model improved stress-resistance was not associated with changes in
either pro-survival kinase or caveolin-3 expression. Exploratory proteome array analyses support
differential changes in cardiac growth factor signalling, including stimulatory (20-40% higher
phosphorylation of insulin, IGF-1 and FGF receptors, and Tie-2), inhibitory (15-25% reduced
phosphorylation of ErbB2 and ErbB3) and mixed responses (20-35% higher phosphorylation of PDGFRα
and PDGFRβ vs. 30-35% lower phosphorylation of Flt-3 and M-CSF-R; 40% lower phosphorylation of
ephrin receptors A2, A6 and A8 vs. 50% greater B4). Swimming also modified mediators of inflammation
and remodelling in other tissues (pancreas, white fat, thymus, lymph nodes, brain), with data supporting
a pattern of RANTES, ICAM1 and MMP9 repression vs. LIF and VEGF induction across most tissues. In
summary, the current data demonstrate: i) as opposed to voluntary running 1 week of swimming does not
induce cardioprotection, whereas 2 weeks of swimming promotes ischaemic tolerance and induces
modest hypertrophy and improved contractility; ii) myocardial insulin/IGF1, FGF, PDGF and TIE-2
signalling are activated with swimming while MCSFR and FLT3 signalling are repressed (with complex
shifts in ephrin signals); and iii) swimming induces a systemic anti-inflammatory phenotype and
remodelling responses in white adipose and other tissues. This combination of changes, for example in
PDGF, IGF-1 and VEGF signalling, together with suppression of pro-inflammatory mediators, may well
contribute to stress-resistance in the heart and other organs in swim trained animals.
6.2!

Introduction
Studies outlined prior chapters have collectively identified a significant cardioprotective effect of

7 days of voluntary running, an effect rapidly reversed with inactivity and which does not appear to be
enhanced with more prolonged periods of running (up to 28 days). However, whether differing forms and
intensities of activity might induce distinct cardiac adaptations is unclear. Intense swimming, either in
brief (30 min), single bouts (Jimenez et al., 2011) or more protracted/exhaustive training (90 mins daily for
days to weeks) (Dayan et al., 2005; Freimann et al., 2009; Venditti, 1996), has also been reported to
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induce substantial protection against myocardial injury. These effects of acute stress/activity may involve
neuroendocrine control and post-translational effects of circulating stress-related hormones. On the other
hand, long-term exercise/training effects include beneficial cardiac remodelling with physiological
hypertrophy, improved cardiac function and energy generation, and a stress-resistant phenotype
(Mcmullen, 2003; Scheinowitz et al., 2003; Venditti et al., 2001). Such changes involve shifts in the
molecular makeup of the heart, rather than acute post-translational effects of single exercise bouts, which
may include altered expression of HSP, anti-oxidants, NOS, and pro-survival kinases, together with
mitochondrial and myofibrillar adaptations (Melo et al., 2009; Venditti et al., 2001; Zhang et al., 2007b).

The study described in Chapter 4 established that wheel-running does not induce ‘dosedependent’ cardioprotection with increasing durations of activity. Whether more intense swimming may
induce different or potentially dose-dependent outcomes has not been tested. A model of mouse
swimming described by Kaplan et al in 1994, enabled the study of physiological and potentially reversible
hypertrophy, which is distinct from pathological forms of hypertrophy, as seen in heart failure patients
(Bernardo et al., 2010; Kaplan et al., 1994; McMullen et al., 2003). Such a swimming stimulus reportedly
increases heart size up to 25% and reduces heart rate at submaximal workloads by ~20% after 1 month
of training. Similarities or differecnes in cardiac protection with high-intensity vs. milder forms of physical
activity may provide insights into underlying mechanisms. For example, a higher intensity mode of
exercise may trigger “stress”-activated mechanisms, and more pronounced changes and growth with such
stimuli could be more resistant to de-training. Conversely, the model may induce detrimental effects via
excess stress, with evidence in both animals and humans that excessive physical exertion can cause
untoward effects such as thymic involution, valve irregularities and altered electrical conductance (Brito
et al., 2015; Tkachuk and Stradina, 2007).
More stressful or intense forms of activity may also exert more profound systemic effects to
influence cardiac adaptations (with cardiac responses in turn influencing systemic adaptations). To this
point intrinsic cardiac adaptations to physical activity have been studied in prior Chapters 3 - 5. However,
physical activity or exercise also markedly alters systemic immune and inflammatory function (Gleeson,
2007; Hoffman-Goetz and Pedersen, 1994; Walsh et al., 2011), which may contribute to organ-specific
adaptations. Immuno-inflammatory function was also identified as modified in the initial transcriptomic
analyses of hearts from wheel-running mice (Chapter 3). The aims of the current study were therefore to
investigate whether 7-14 days of more intense forced swimming: i) induces 'dose-dependent'
cardioprotection; ii) modifies cardiac expression of proteins responsive to wheel-running (phosphoGSK3β, phospho-ERK) or governing stress signalling (caveolin-3), inflammation (NF%$), autophagy
(LC3A/B I+II) and mitochondrial biogenesis (PGC-1#/$); and iii) modulates cardiac and systemic
expression of inflammatory markers and receptor tyrosine kinases.
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6.3!

Methods
All studies were approved by and performed in accordance with the guidelines of the Animal

Ethics Committee of Griffith University, which is accredited by the Queensland Government, Department
of Primary Industries and Fisheries under the guidelines of "The Animal Care and Protection Act 2001,
Section 757".

Animals

Male 8 wk old C57Bl/6 mice (n=56, Animal Resource Centre, WA, Australia) were housed in groups of
four under standard animal facility conditions (12:12h light/dark cycles, 23±2ºC room temperature), with
rodent chow and water provided ad libitum. Mice were weighed prior to randomised allocation to
swimming or sedentary groups.

Swimming protocol
The American Physiological Society’s Resource Book for the Design of Animal Exercise Protocols was used
to inform the design of the current study (American Physiological Society, 2010), and described in more
detail in Chapter 2. Mice were swum twice daily during the light-phase of the day (at 9 am and 3 pm)
under constant investigator observation. Swimming commenced with a 7 day acclimation period,
commencing with twice daily bouts of 20 min that was increased by 10 min increments to 90 min per
bout. This twice daily 90 min intervention was then maintained for a further period of either 1 or 2 weeks.
Corresponding sedentary control groups were housed in the same room, and were subjected to brief (≤10
s) acclimation only.

Tissue sampling
On the day of experimentation mice were fasted for at least 60 min prior to anaesthesia with 60 mg/kg
sodium pentobarbital intraperitoneally. Once a surgical level of anaesthesia was achieved (lack of pedal
withdrawal, eye blink reflexes, and tail pinch response) the chest was opened by a midline sternotomy
and hearts immediately excised into cold perfusion fluid (killing animals via exsanguination under
anaesthesia). Hearts were either assigned to Langendorff ischaemia-reperfusion studies or snap frozen for
molecular investigation. Blood glucose was measured with a handheld glucometer (Roche, Australia) and
plasma obtained, with other tissues collected - including skeletal muscles (extensor digitorum longus and
soleus), liver, lymph nodes, pancreas, thymus, white adipose tissue and brain - and snap-frozen in liquid
N2 and stored in -80°C until analysis.
Langendorff Perfused Heart Model of Ischaemia-Reperfusion Injury
Hearts were cannulated via the aorta and retrogradely perfused in a Langendorff mode as detailed
in Chapter 2 and prior studies (Budiono et al., 2012; Reichelt et al., 2009). Contractile function was
monitored via a water-filled balloon located in the left ventricle and inflated to yield an end-diastolic
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pressure of 5 mmHg. Coronary flow was monitored with an ultrasonic flow-probe proximal to the aortic
cannula and connected to a T206 flowmeter (Transonic Systems Inc, Ithaca, NY, USA). All functional data
were recorded at 1 KHz on a Powerlab 4/30 system (ADInstruments, Castle Hill, Australia) connected to
an Apple iMac computer. The ventricular pressure signal was digitally processed to yield peak systolic
and end-diastolic pressures, +dP/dt and -dP/dt (first derivatives of left ventricular contraction and
relaxation over time, indicating peak rates of pressure development and relaxation, respectively), and heart
rate.

Following 20 min stabilisation, hearts were switched to ventricular pacing at 420 bpm (Grass SD9
stimulator, Quincy, MA, USA). After a further 10 min baseline measurements were made and 25 min of
global normothermic ischaemia initiated followed by 45 min of reperfusion. Pacing was terminated on
initiation of ischaemia and resumed after 1.5 min of reperfusion. No hearts in this study warranted
exclusion based upon functional criteria outlined in detail previously (Headrick et al., 2001).
Western Immunoblotting
Left ventricular myocardium was lysed with 2X RIPA buffer supplemented with 10 mM EDTA, protease
and phosphatase inhibitors (sodium pyrophosphate) and homogenised using a glass dounce (Duall 22).
Cardiac homogenates were transferred to 2 ml tubes and centrifuged for 15 min at 14,000 rpm to remove
cellular debris. The supernatant was frozen overnight at -80°C for one freeze-thaw cycle prior to
quantification of protein via the BCA assay. Ventricular lysate samples containing 30 μg of total protein
were loaded onto 10% acrylamide gels and separated at 150 V for ~1.5 hrs. Proteins were transferred to
low fluorescence polyvinylidene difluoride membranes and blocked in Li-COR blocking buffer for 90 min.
Membranes were incubated with primary antibody (total and phosphorylated Erk1/2, and GSK3ß,
caveolin-3, NFkB, LC3 A/B I+II, PGC1#/ß and total GAPDH or ß-actin; 1:1000, Cell Signaling Technology
Inc., Danvers, MA, USA / Santa Cruz) overnight at 4°C. Following 3 washes in TBST, membranes were
incubated with Li-COR fluorescent secondary antibody, washed 3 times in TBST, dried, and imaged on a
Li-COR Odyssey Laser scanner.

Multiplex Assay
Cardiac, white adipose and thymic tissue was collected and protein was extracted with 2X RIPA buffer
supplemented with 10 mM EDTA, protease and phosphatase inhibitors (sodium pyrophosphate) and
homogenised using a glass dounce (Duall 22). A Bio-Plex Pro Mouse Cytokine Group I 7-plex Assay
(Y6000002NG) containing IL-1ß, IL-6, IL-10, IL-12 (p40), GM-CSF, IFN-gamma, and TNF-a was used
according to manufacturer’s protocol and as detailed in Chapter 2 (Magnetic Luminex Screening Assay)
using a normalised protein concentration of 0.4 µg/µL per sample.

Proteome Array Membranes
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Proteome Profile nitrocellulose membranes were used to explore shifts in levels of mouse receptor tyrosine
kinases (RTKs) and selected mouse angiogenesis–related proteins in ventricular lysate samples. A mouse
Phospho-RTK Array Kit containing 39 different capture antibodies (#ARY014, R&D Systems, Minneapolis,
MN, USA) and an Angiogenesis Array kit (#ARY015, R&D Systems, Minneapolis, MN, USA) containing
53 different capture antibodies were used. A complete list of antibodies can be found in Appendix S7. The
array analytical procedure was undertaken according to manufacturer’s protocols, as detailed in Chapter
2. Briefly, each nitrocellulose membrane was blocked with proprietary buffer solution for 1 hr, on a
rocking platform. Protein lysates (400 µg) were supplemented with blocking buffer, diluent buffer and
antibody detection cocktail, and incubated at 4°C on a rocking platform overnight. Membranes were then
washed 3 times and Streptavidin-HRP secondary antibody added to blocking buffer for 30 min, with the
washes subsequently repeated. Membranes were removed from the wash and excess buffer wicked away
with paper towels before placement between a plastic sheet protector. Chemiluminescence reagent mix
was evenly spread and membranes then imaged on a Bio-Rad ChemiDoc XRS system.

Data analysis
Data are presented as means ± SEM. Differences between groups were assessed via 1-or 2-way ANOVA
where appropriate, with post-hoc Newman-Keuls tests employed for individual comparisons. Significance
in all tests was accepted for P<0.05.

6.4!

Results

General Characteristics of Swim-Trained Mice

Body weights were significantly reduced in both 1 and 2 week swimming mice in comparison to respective
sedentary controls (Table 6.1). Some degree of cardiac hypertrophy was evidenced after 1 week and more
notably after 2 weeks of swim training (Table 6.1). Thus, 6-10% increases in heart weight coupled with 810% reductions in body weight translate to 15-22% increases in heart:body weight ratios in swim trained
mice. On isolation of hearts it was noted that the thymus of swimming mice appeared visually atrophied,
though tissues were not weighed. Blood glucose levels were reduced with swimming in both 1 and 2 wk
groups, though this was only significant after 2 weeks (Table 1).
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Table 6.1: Body And Heart Weights And Blood Glucose Levels For Sedentary And Swimming
Mice
GROUPS

1 week

2 week

Body
Weight
(gm)

Heart Weight
(mg)

Heart:Body Wt
Ratio

Baseline

24.0±0.7

Exercise
(n=14)
Sedentary
(n=14)

24.9±0.7*

128.5 ± 6*

5.16±0.4*

27.0±0.7

120.8 ± 5

4.47±0.5

Baseline

24.1±0.7

Exercise
(n=14
Sedentary
(n=14)

25.4±0.8*

183.4 ± 4**

7.21±0.6*

28.5±1.3

168.2 ± 5

5.91±0.5

Blood
Glucose
(mmol/L)

9.4±0.5*
11.0±0.8

8.9±0.2**
13.8±0.8

Blood glucose levels were assessed immediately upon extraction of the heart and lungs. Data are means
± S.E.M. * denotes P < 0.05; ** denotes P < 0.01 vs. respective Sedentary.
Cardiac Function and I-R Tolerance in 1-2 Week Swim-Trained Mice
Table 6.2: Baseline Functional Parameters For Perfused Hearts From Sedentary And Swimming Mice

Groups

1 week
swim

2 week
swim

Exercise
(n=7)
Sedentary
(n=6)
Exercise
(n=13)
Sedentary
(n=12)

EDP
(mmHg)

+dP/dt
(mmHg/s)

−dP/dt
(mmHg/s)

Coronary Flow
(ml/min)

7±1

Systolic
Pressure
(mmHg)
130 ± 7

4198 ± 130

-3685 ± 304

4.1 ± 0.4

6±2

136 ± 3

4297 ± 275

-3864 ± 71

3.4 ± 0.2

4±1

146 ± 5

5354 ± 355*

-3610 ± 258

3.8 ± 0.4

8±1

137 ± 5

4396 ± 268

-3599 ± 231

4.6 ± 0.8

Data were acquired after 30 min aerobic perfusion (at a fixed pacing rate of 420 bpm). Data are means ±
S.E.M. EDP, end-diastolic pressure; +dP/dt, rate of increase in LV systolic pressure (rate of LV contraction);
-dP/dt, rate of decline in LV systolic pressure (rate of LV relaxation). *, P<0.05; and **, P<0.01 vs.
respective sedentary group.
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Normoxic cardiac function and coronary flow were unaltered after 1 wk of swimming (Table 6.2).
However, 2 wks of swimming resulted in significantly improves inotropic state with >20% increase in left
ventricular +dP/dt. Myocardial functional outcomes from I-R were also unaltered by 1 wk of swimming
but significantly improved after 2 wks, including augmented recoveries for both EDP and systolic pressure
development (Figure 6.1).

Figure 6.1: Post-Ischaemic Contractile Function In Hearts From Sedentary And Swimming Mice
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Hearts were removed from mice exercised for 1 wk (top panels) or 2 wks (bottom panel) and matched
sedentary controls. Data are shown for final recoveries of left ventricular developed pressure (LVDP) and
end-diastolic pressure (EDP) following 25 min ischemia and 45 min reperfusion. Data are means ± S.E.M.
(n=7 per group) *, P<0.05 vs. respective sedentary group. ****, P<0.0001 vs. respective sedentary group.

Molecular Modifications After 2 Weeks of Swim Training
Myocardial tissue from 2 week swim trained mice exhibited significant differences in expression levels of
NF%B was reduced with swimming, while there were no apparent shifts in caveolin-3/AKT/ERK/GSK3β
The PI3K/Akt path is important for physiological hypertrophy (McMullen et al., 2003; Rigor et al., 2009).
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Figure 6.2: Cardiac Expression of Regulatory Proteins in Swim Trained Mice
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Figure 6.3: Phospho-modulation of cardiac growth factor signaling in swimming mice.
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Cardiac RTK Profiling In Swim Trained Mice:
Exploratory profiling of myocardial RTK signalling with pooled samples (six individual samples mixed into
one homogenate) revealed the following with 2 weeks of swimming (Figure 6.3): modest changes in EGFR
signalling (10-20% reduction in phosphorylated ErbB2 and ErbB3 by 20-25%; potentially reducing
protective ErbB2 and neuregulin signalling); up-regulation of FGF signalling (20-35% increase in
phosphorylated FGF-R2 and FGF-R3, though not FGF-R4, whose function is ill defined); up-regulated InsR
and IGF-1R signalling (30-35% increases in phosphorylation, potentially key to swim-dependent cardiac
) and 30-35% repression of phosphorylated Flt-3 and M-CSF-R; increased angiopoietin-1 signalling (40%
increase in phosphorylation of Tie-2); differential changes in ephrin signalling (40% reduction in
phosphorylation of ephrin receptors A2, A6 and A8; and 50% increased phosphorylation of B4, which
promotes cardiac progenitor development, associates with connexin-43 and inhibits gap junction
function, regulates ES cell differentiation of primitive mammalian cardiomyocytes and other cells).
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Figure 6.4: 7-Plex Cytokine Bio-Plex Screening of Cardiac Tissue from Swim Trained Mice
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Data are expressed as means ± SE. * denotes P < 0.05 vs. respective sedentary 'control'.
The only change in cardiac tissue from the multiplex assay appears to be a 50% fall in IFN, and smaller
decreases in IL-1b and IL-10, although due to high variance this did not achieve significance (Figure 6.4).
On the other hand, swimming significantly modified inflammatory mediators in white fat, with upregulation of IL-6, IL-12, GM-CSF and IFN-&, and down-regulation of IL-10. In thymus swimming
suppressed IL-12 and appeared to increase IL-10, though again this did not achieve significance. The
white fat or white adipose tissue (WAT) response is consistent with Il-6 induction in WAT with training,
which may be involved in recruiting brown-like adipose cells (WAT browning) (Figure 6.4).
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Proteome Profiling of Organ-Specific Responses to Swim Training
Generally, swimming appeared to consistently induce an anti-inflammatory response across tissues with
evidence of tissue ‘remodelling/regeneration’ within some sites, together with several unique changes.
Following summaries are based on threshold changes of 1.5-fold (or 0.75-fold) in Cytokine XL profiling
kits.

Figure 6.5: Cytokine XL Proteome Membranes of Various Tissues In Swimming Mice.

Hearts were removed from mice exercised for 1 or 2 wks (and matched sedentary controls). Data are
means acquired from pooled cardiac samples (n=6 per group), assayed via Cytokine XL Proteome Profiler
kit testing 111 mouse cytokines simultaneously.
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Figure 6.6: Cytokine XL Proteome Profiler Analysis in Swimming Mice (Pancreas)

Table 6.3: Cytokine XL Proteome Profiler (Pancreas)
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Pancreas
The pancreas exhibited a relatively large number of changes with exercise with up-regulated
remodelling/regeneration processes vs. repression of injurious inflammatory proteins. Of 38 differentially
expressed (cut-off fold change at 1.5) 15 proteins were up-regulated, reflecting induction of
remodelling/regeneration proteins (VEGF, EGF, WISP1, FGF21, Flt-3 ligand) (Miettinen et al., 2006;
Watada, 2010), protective proteins (CCL22, FGF21) and proteins with mixed functions (CXCL13, C5/C5a),
while CCL11 and CCL17 are known to promote pancreas dysfunction (Chao et al., 2014; Kim et al., 2002).
Repression of inflammatory mediators (CCL5, ICAM1, CCL2, IL5, IL7), proteins associated with
pancreatitis (CCL6), and involved in tissue regeneration (periostin), together with protective/regulatory
adiponectin and CX3CL1 and osteoprotegrin (which may both promote inflammation/injury or counter
damage) was also observed.
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Figure 6.7: Cytokine XL Proteome Profiler Analysis in Swimming Mice (Brain)

Table
6.4:
Cytokine XL Proteome Profiler (Brain)

Brain
The brain was relatively insensitive to exercise stimulus, with only 8 out of the 111 proteins showing
expressions greater than fold change of 1.5. Induction of a cytoprotective and inflammation/stress sensitive
activator of the HPA axis (LIF) (Chesnokova and Melmed, 2000), anti- (IL4, IL27) and pro-inflammatory
mediators (IL12), and a memory/learning protein (IL4) were evident. The most down-regulated with
swimming was a factor linked to insulin-resistance in other tissues (fetuin A) and shown to be responsive
to exercise in other tissues (also identified as a biomarker for neurodegenerative disease) (Mori et al.,
2011).
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Figure 6.8: Cytokine XL Proteome Profiler Analysis in Swimming Mice (White Adipose Tissue)

Table 6.5: Cytokine XL Proteome Profiler (White Adipose)

White Adipose
White adipose tissue taken from the subcutaneous abdominal fat pads were also analysed due to the lean
status of swimming mice. An up-regulation of factors limiting adipogenesis/obesity vs. repression of
inflammatory and remodeling mediators was observed with induction of beneficial/anti-obesity VEGF and
FGF21 (Giralt et al., 2015; Mick et al., 2002), LIF, CD160 and Il-11. A repression of pro-inflammatory
mediators (RANTES, ICAM1/CD54) (Baturcam et al., 2014) was observed, along with an inhibitor of
IGF1/adipogenesis (IGFBP1) (Siddals et al., 2002), a pro-inflammatory promoter of adipogenesis (WISP1)
(Murahovschi et al., 2015), and also remodelling proteins (MMP9, WISP1).
Figure 6.9: Cytokine XL Proteome Profiler Analysis in Swimming Mice (Thymus)
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Thymus
Table 6.6: Cytokine XL Proteome Profiler (Thymus)

Induction of pro-inflammatory mediators (ICAM1) and anti-inflammatory IL4 demonstrated the mixed
nature of inflammatory mediators observed in the thymus. Remodelling proteins (VEGF, periostin) and
regulatory angiopietin-2 showed the highest fold change overall. Repression of inflammatory mediators
(RANTES, CXCL2, CXCL9, CXCL10, IL3, Chitinase 3-like 1) and regulatory/protective leptin (Ostrowski et
al., 1999).
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6.5 Discussion:

This study examined whether a short-term swimming protocol induces cardiac hypertrophy and protects
against ischaemia-reperfusion injury, and how both cardiac and extra-cardiac inflammatory and RTK
signalling are modified in this potentially stressful model of forced activity. It was hypothesised that
swimming would beneficially modify cardiac proteins governing stress responses and mitochondrial
biogenesis, and modify cardiac and extra-cardiac growth factor/RTK signalling and inflammatory function.
The physiological growth of the heart in response to exercise may itself enhance capacity to
withstand I/R injury (Eisele et al., 2007). Exercise-induced cardioprotection has been observed with
multiple variants of exercise, including voluntary wheel-running, and predominantly forced-treadmill
running, with results confirming modulation of multiple signalling pathways and processes, potentially at
different time-points during the course of exercise adaptation (Rupp, 1989). Overall, stress-induced
mechanisms such as heat-shock protein induction or growth factor signalling appear to be activated in
higher-intensity exercise and in some studies physiological hypertrophy is observed to compensate for
higher loads on the heart (McMullen et al., 2007). Previous studies have focused on the rat rather than the
mouse, and although there are differential responses across the two species, forced swimming has been
shown to induce greater responses in lowering blood pressure of spontaneous hypertensive rats by
activation of ventricular myosin rather than activation of the peripheral adrenergic system (Rupp, 1989).
Early studies on rat swimming showed thymic involution occurred with extended periods of muscle
activity such as swimming, while thymus weight increased with acute bouts (Tkachuk and Stradina, 2007).
We here assessed thymus protein expression patterns via the Cytokine XL array. Lower intensity activity
such as wheel running produces more subtle effects such as anti-inflammatory gene up-regulation with
lower levels of hypertrophy (Budiono et al., 2012), although both forced and voluntary methods can
induce physiological hypertrophy via increased number and volume of cardiomyocytes (Eisele et al.,
2008; McMullen, 2003).
Further investigation of the effects of inactivity vs. activity, and of factors such as duration,
frequency and intensities of exercise are warranted in delineating the molecular mechanistic basis of
cardiac protection via exercise, and conversely detrimental cardiac ‘deconditioning’ with inactivity.
Investigations into modes of exercise (variables factoring duration, frequency, method, and intensity) can
unmask the mechanistic and molecular basis behind protection of the myocardium through exercise, and
also the damaging consequences of inactivity. This study tested whether short-term (1-2 wk) forced nonexhaustive swimming induces cardiac hypertrophy, contractile changes and ischemic tolerance,
influences cardiac stress kinase and growth factor signalling, and beneficially influences systemic RTK
signalling and cytokines/inflammatory mediators in brain, pancreas, WAT, thymus and lymph nodes. It
was theorised that cardioprotection arising via moderately stressful swimming may be associated with
broader alterations across multiple stress-dependent signalling, encompassing canonical RTK and growth
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factor signalling, modulation of inflammatory factors, and changes in metabolic function. The first study
of exercise cardioprotection described in this doctoral project implicated major shifts in inflammatory and
immune signalling molecules with running, and it is well established that physical activity can exert antiinflammatory and immunomodulatory effects. However, whether more intense forms of potentially
stressful activity mediate these actions is less clear.

Animal characteristics

Mice exhibited a consistent swimming pattern across cohorts. Mice predominantly utilise hind legs and
tails to propel their bodies to move and remain afloat. Upon contact with the water mice stabilised and
floated in an “immobile” phase, only becoming active or using their forelimbs as a method to regain
balance/avoid obstacles (a barrier wall or other mouse). This observation is contrary to the report of Adem
et al., which described mice being initially highly active before transition to an immobile phase (Can et
al., 2011). However, relevant differences were noted including that mice in the aforementioned study
swam individually within small columns, and their study assessed acute bouts of only 6 min duration.

Cardiac Adaptations

A modest degree of cardiac hypertrophy was evidenced after 1 week and more robustly after 2 weeks of
swim training (Table 1) This contrast a lack of hypertrophic growth in response to cardioprotective
voluntary running. This may well reflect a lesser degree of stress and intensity with voluntary forms of
running vs. swimming. Cardiac hypertrophy in response to swimming in mice was first described by
Kaplan et al. in 1994, and later studies established that this physiological growth is distinct from more
detrimental pathological hypertrophy in response to volume or pressure overload (Kaplan et al., 1994;
McMullen and Jennings, 2007). A month of swimming is reported to produce 10% elevations in heart size,
together with a 20% decrease in heart rate at sub-maximal workloads (Kaplan et al., 1994). As cardiac
protection is observed in both high-intensity and milder forms of physical activity, a hypertrophic response
is clearly not necessary for expression of protection.
Previous work (Chapters 3-5) showed that short-term (7 day) voluntary wheel-running induces a
similar cardioprotected phenotype, associated with relatively modest transcriptional changes
predominantly within inflammatory/immune pathways. However, wheel-running changes appear more
modest than with treadmill-running in rodents, as protective heat shock protein and antioxidant
upregulation (classical though non-essential exercise induced pathways) was not evident with wheelrunning (Chapter 3).

Cardiac Proteomic Modulation

Moderate hypertrophic growth of the heart, and associated vascular remodelling, may be enacted
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via growth factor signalling and RTKs. Receptor tyrosine kinases are cell surface receptors for growth
factors, cytokines and hormones. They are involved upstream of many of the classical cardioprotective
signalling pathways detailed in Chapter 1, and are crucial to processes of physiological growth,
hypertrophy and angiogenesis. The snapshot view of this signalling via analysis of pooled cardiac protein
samples indicates that swimming induces substantial and diverse changes in growth factor receptor
signalling (compared to sedentary controls). The cardiac profile for RTK phosphorylation (Figure 6.2, Table
6.3) suggests a differential modulation of insulin and growth factor signalling paths.
Swimming appears to up-regulate phosphorylation of myocardial insulin and IGF1R receptors, PFGF
receptors #/$, FGF receptors 2 and 3, ephrin B2 and B4 receptors, and the TIE-2 angiopoietin-1 receptor
(Table 6.3). These stimulatory changes contrast reduced phosphorylation of FLT-3 and M-CSF receptors
(potentially limiting negative consequences of MCSF), and ephrin receptors A2, A6 and A8. These differing
RTK signalling responses may be relevant to beneficial cardiac remodelling, angiogenesis, and improved
I-R tolerance.
Prior studies support important roles for insulin and IGF-1 receptor signalling in the cardiac response
to exercise. Myocardial IGF-R mRNA has been shown to be up-regulated by short and longer term
swimming in rats (Scheinowitz et al., 2003), IGF1-R protein is augmented in the hearts of professional
athletes (Neri Serneri et al., 2001), and exercise also counters depression of cardiac IGF1 and IGF1-R
expression in rodent diabetes (Lai et al., 2014). Expression of IGF1-R appears essential to the cardiac
hypertrophic response to exercise (Kim et al., 2008), and IGF-1 signalling also induces cardioprotection
(Troncoso et al., 2012), as does insulin receptor activity [Baines et al 1999]. The current evidence of
augmented IGF1-R and InsR phosphorylation is thus consistent with beneficial roles in the myocardium
of swim-trained mice.

Receptors for PDGF (Table 6.3). Exercise has been shown to increase circulating PDGF (CzarkowskaPaczek and Bartlomiejczyk, 2006) together with skeletal muscle PDGF expression (Czarkowska-Paczek et
al., 2010), while data are more limited regarding myocardial expression. Cardiac PDGF-AA mRNA levels
are reportedly insensitive to acute or prolonged exercise in rats (Czarkowska-Paczek et al., 2010).
Although PDGF receptors promotes myocyte differentiation (Sachinidis, 2003) and neonatal myocyte
proliferation [Hinrichsen et al 2007], effects in adult cardiomyocytes are less well defined. Lifelong cardiac
overexpression of PDGF-C and PDGF-D (engaging α- and β-receptors) induces fibrosis and hypertrophy
(Pontén et al., 2005; 2003), while other work suggests PDGF-BB does not influence proliferation but exerts
specific anti-apoptotic actions (Vantler et al., 2010), protecting cardiomyocytes from death (Hsieh et al
2006). Earlier investigations of avian myocytes also reported no proliferative action of PDGF (Armstrong
et al., 2000). Consistent with an anti-apoptotic action, PDGF has also been shown to promote infarctsenescence (Zheng et al., 2006) - receptor signalling with swimming may thus contribute to both beneficial
remodelling and improved cardiac stress-resistance.
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Increased FGF receptor activation may also promote myocardial stress-resistance and induce
cardiac growth with swimming, although precise myocardial roles of the less highly expressed FGF
receptors 2 and 3 are unclear. On the other hand, vascular TIE-2 signalling is well established as critical
to myocardial angiogenesis, with swimming-dependent phosphorylation suggesting a potentially
important role in exercise-mediated vascular changes.

Differential changes in ephrin receptor

phosphorylation (increased EphB2 and EphB4, reduced EphA2, EphA6, EphA8) may also reflect
orchestration of angiogenesis/lymphangiogenesis via this complex receptor family.
Interestingly, swimming induced only moderate effects on ErbB sub-type phosphorylation, with the
relevance of reduced ErbB2 and ErbB3 phosphorylation vs. relatively unchanged ErbB1 and ErbB4 unclear.
Neuregulin-1 and its ErbB4 and ErbB3 receptors (and hetero-dimerising ErB2) can induce regenerative
cardiac growth in response to more injurious stressors. However, this more overt regenerative capacity is
not required in cardiac adaptation to physical activity, which involves ‘physiological’ hypertrophy of
extant myocytes. In this regard, an excess of ErbB2 activity can induce pathological concentric
hypertrophy, though protective molecules are also induced (Sysa-Shah et al., 2012). On the other hand,
neuregulin-1/ErbB signalling appears key to the growth of skeletal muscles in response to exercise stimuli.
Combinations of signalling molecules may also be important in complex modulation of cardiac stress
tolerance. Takahashi et al. (2006) have shown that bone marrow derived cytokines including
combinations of PDGF, VEGF and IGF-1 may enhance myocyte survival. Hence the importance of
considering the breadth of signalling molecules modified with exercise, including here growth factor and
angiogenic pathways, cytokine signalling and inflammatory function.

Inflammatory modulation in cardiac and extra-cardiac tissues

Physical activity is known to suppress inflammatory markers/processes and modulate immune
function (Pedersen, 2000; Simpson and Bosch, 2014). Shifts in the systemic inflammatory phenotype with
physical activity may well contribute to beneficial outcomes in heart and other organs, including
enhanced tissue stress tolerance. Here data support the emergence of a systemic anti-inflammatory and
remodelling phenotype with swimming, characterised by up-regulation of tissue VEGF and LIF - a
recognised exercise-induced myokine (Broholm and Pedersen, 2010), and suppression of RANTES and
MMP9 across tissues studied. Such a change in inflammatory phenotype is likely to benefit the heart and
other tissues under conditions of stress. Some tissues were more responsive than others: WAT for example
exhibited more changes in cytokine expression than either thymus or cardiac tissue, supporting significant
metabolic remodelling with swimming. The inflammatory mediator changes in WAT are consistent with
potential fat browning. On the other hand, there were fewer changes in inflammatory mediators within
the heart itself, though expression of the critical regulator NF%B was reduced.
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Study Limitations

Mice did not exhibit outward physical or behavioural signs of stress with swimming, yet we did not
directly measure stress biomarkers during/after swimming. We observed thymic involution, particularly in
the 2 wk group, however it was not empirically measured. There is evidence in both highly-trained animals
and humans that such a change relates to suppressed T-cell production normally associated with
senescence. We are unaware of studies of high-intensity exercise over particularly long periods (or over
the lifespan), though anecdotal evidence from human studies shows that extended periods of exercise,
especially in those over 30-40 years of age, can be detrimental. Indeed, there is evidence forced exercise
regimes may be less efficacious in modulating injury processes than low intensity voluntary activity, or
indeed impair tissue repair and worsen injury and inflammation in different settings (Cook et al., 2013;
Griesbach et al., 2012).
Moreover, a U-shaped relation exists between exercise level and cardiac morbidity (Merghani et al.,
2015). Certainly the studies in this thesis reveal that brief periods of either voluntary or forced activity are
sufficient to induce protection, and are not enhanced with longer periods of training. Further investigation
into training and de-training effects in differing age groups may be useful in understanding this important
topic.

Perspectives and Significance

As this and our prior studies reveal, even relatively brief periods of moderate intensity exercise (swimming
here, voluntary running previously) can induce quite profound effects on the hearts intrinsic resistance to
ischaemia-reperfusion injury. Such observations support important cardiovascular benefits from even brief
daily episodes of activity, over short training periods. Mechanistically, myocardial/coronary remodelling
in response to exercise may involve orchestrated shifts in kinase signalling, growth-factor signalling via
PDGF, IGF-1, VEGF and modulation of immuno-inflammatory pathways, with these same signals
potentially involved in mediating I-R tolerance. These adaptations are also associated with major shifts in
inflammatory mediators and signalling within extra-cardiac tissues. This confirms the major influence of
moderate physical activity on the bodies inflammatory phenotype, with changes consistent with
suppression of inflammation and up-regulation of factors responsible for tissue remodelling, including
potential remodelling of WAT to brown-adipose like tissue. The multiple targets that physical activity
modulates suggests a 'cumulative' protection model, which ageing and disease may potentially strip away.
Herein lies an advantage over artificial or pharmacological treatments as they are designed to target single
pathways or require chronic administration.
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7!
CONCLUSIONS
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The purpose of this doctoral thesis was to develop a better understanding of exercise-induced
cardioprotection and its integrative nature. The benefits of physical activity to the heart are indisputable
from a scientific perspective, yet we struggle with maintaining this in contemporary society. The milleniaold idea of maintaining health through appropriate diet and adequate exercise is still a dominant point of
discussion in today’s world. Research into the effects of lifestyle modifications for cardiovascular health
are of utmost importance due to the significance of the issue at hand: CVD remains the largest cause of
deaths worldwide, and although traditional risk factors such as smoking and high-cholesterol have been
reduced somewhat, the emergence of an obesity and physical inactivity epidemic as the major risk factor
poses a substantial challenge. The costs and efforts involved in dietary and physical intervention pale in
comparison to the growing unmanageable socioeconomic strain in almost all nations combating this
chronic disease epidemic. Currently, translation of novel cardioprotection from animal to humans in a
clinical setting has been relatively unsuccessful (Abete et al., 2010; Peart and Headrick, 2008; 2009).
Therefore, future studies might address not only mechanisms but the influences of different types of activity
(mode and duration), and impacts of diet, age, sex and disease states.

The studies described within this thesis employ a murine model in examining cardiac protection with
differing exercise interventions (and ischemic intolerance with inactivity), and assessing potential
molecular pathways mediating these effects. The studies reveal a tight coupling between physical activity
level in young male C57Bl/6 mice and myocardial ischemic tolerance, with both increases and reductions
in tolerance in response to increased and decreased activity level. A variety of putatively beneficial
changes in cardiac protein expression and phosphorylation arise with increases in physical activity,
however only a small number are consistently linked to ischemic tolerance, including GSK3b phosphoregulation and expression of the EGFR receptor. While signalling via GSK3b has previously been identified
as a potentially valuable therapeutic target, its role in activity dependent ischemic tolerance has not been
previously identified. These are also the first data to support a role for EGFR expression in the coupling of
myocardial stress-resistance to physical activity level. This receptor is involved in a variety of protective
responses and may also contribute to remodelling responses. Experimental data were also inconsistent
with the suggestion that protection with exercise represents a hormesis response akin to and sharing
signalling with protective ischemic preconditioning or calorie restriction responses. Nonetheless, exercisenaive mice did exhibit more profound changes in kinases implicated in RISK pathways and
preconditioning/calorie restriction, suggesting that in these subjects the activity stimulus may present a
significant 'stress'. Evidence was also acquired supporting a significant protective effect of 2 days of
environmental enrichment (placement of a locked running wheel in a large cage), involving activation of
survival kinase signalling and highlighting the importance of environment to animal health and cardiac
phenotype. We concede that such effects warrant further investigation, possibly with a future study that
focusses on this phenomenon by adding the required controls. The final studies in this thesis revealed a
diversity of beneficial changes in inflammatory, RTK and growth factor signalling in the heart and
systemically with swimming, highlighting the integrative nature of the response to exercise. However, the
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swimming stimulus appeared less effective than running in inducing an early protected phenotype. These
studies provide new insights into exercise-dependent cardioprotection. There are nonetheless limitations
and study design issues that warrant further discussion below.

EXPERIMENTAL CONSIDERATIONS & LIMITATIONS
Animal Models: The short lifespan of the mouse and its rapid reproductive rate (in contrast to
humans) enables the study of disease processes throughout the life-cycle, and studies examining inbred
strains in a controlled environment can yield outcomes not possible when undertaking human studies
(Bernstein, 2003). The C57Bl/6 strain is one of the most commonly used in experimental study, and it is
known for its quick learning, and sound predisposition to exercise on running wheels (Gonder and Laber,
2007). All studies here used male C57Bl/6 mice at a young age of 8-10 weeks. The use of relatively young
mice was another calculated decision as there is evidence that wheel running is significantly affected by
age, with most voluntary activity occurring between 2-4 months (approximately 8-10 weeks) of age
(Lightfoot et al., 2004). Older mice also demonstrate reduced plasticity in terms of engaging in wheel
running, and may be more susceptible to environmental influences (Jung et al., 2006; Kane et al., 2008).
While no aged animals were studied in this thesis, this is of great interest due to a lack of scientific studies
in aged populations, and since CVD predominantly occurs in those over 65 years of age. Ageing results in
multiple alterations that attenuate cardioprotection, including sex hormone depletion, poor management
of ROS and p38-MAPK signalling, and reduced protective receptor availability (Ashton et al., 2003; Hunter
et al., 2006; Zhu et al., 2010). Reduced physical activity is another important factor, albeit relatively poorly
studied at a mechanistic level. It is also believed that exercise attenuates the ageing process, through
modulation of oxidative stresses and protein turnover (Bar-Shai et al., 2008; Vaanholt et al., 2008b), and
upregulation of genes involved in protection of telomeres (Werner et al., 2008), among other potential
mechanisms. Exercise in both young and older (20-weeks) animals hinders genetically induced obesity in
rodents (Irani et al., 2005), and improves biochemical and morphological status of skeletal muscle (Allen
et al., 2001; Choi et al., 2005; Harrison et al., 2002). The challenge lies in designing protocols to
accommodate a reduced propensity to run in aged animals, with evidence of greater susceptibility to
environmental factors and markedly increased variance in running (Bar-Shai et al., 2008; Bronikowski et
al., 2002).

This initial series of studies focussed on males, however it would also be of great benefit to better
understand gender-related differences in exercise responses and cardioprotection (Brown et al., 2005b;
Hunter et al., 2006; Mendelsohn, 2005; Witt et al., 2008). It is known that wheel running behaviour is
sexually dimorphic in the C57Bl/6 mouse; females are known to run further and at greater intensity than
male counterparts and differ in resultant metabolic responses (Rezende et al., 2006; Vaanholt et al.,
2008a). Studies in both humans and animal models conclude that females are better protected than males
against heart disease, though differences are reduced post-menopause (Murphy et al., 2011; Smith et al.,
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2010). Brown and colleagues studied treadmill run rats of both sexes, and confirmed significantly reduced
infarct sizes in females. Interestingly however, male rats had improved outcomes even after 1 day of
exercise, while females required 5 days of training to significantly improve outcomes over sedentary
comparators (Brown, 2005). Female mice have been consistently shown to run further, faster and more
frequently than male counterparts (Lightfoot et al., 2004), and show improved physiological responses to
exercise such as higher V02 max (Konhilas et al., 2004), and greater survival (Bronikowski et al., 2006)

Exercise & Environment: Recognising that voluntary activity is dependent on many neurological or
psychological factors, much consideration was given to determining optimal housing environments. It was
not long ago that enriched environments such as the installation of a running wheel was perceived as a
potential confounder, thus animal cages were furnished with the most basic materials to maintain physical
health for reproduction (Pietropaolo et al., 2006). Today, it is apparent that the living environment of the
mice is essential for normal physical and psychological development, and neglecting such factors may
cause detriment to the animal (Wolfer et al., 2004). This fundamental issue may be relevant to many of
the studies underway employing rodents and other animal models, and assuming caged and ad libitum
fed animals represent a truly 'control' condition. However, there is much contention as to what constitutes
the optimal environment for a rodent. Questions arise as to whether they be grouped or individually
housed, whether surface area of cage environment is important, and whether enriched environments are
still too artificial to successfully emulate conditions in the wild (Gonder and Laber, 2007; Ouagazzal et
al., 2003; Sherwin, 2004). These issues are particularly pertinent to the refinement of our wheel running
model.
Exercise performed in a voluntary manner such as wheel-running is perhaps one of the most clinically
relevant stimuli to the heart (Bernstein, 2003). Manifestation of stress may be observed in amplified
aggression, anxiety induced freezing, immune suppression, or poor performance in cognitive tests (Leasure
and Jones, 2008; Malisch et al., 2009; Olsson and Sherwin, 2006). The mice placed inside wheel-running
cages did seem to be much more agitated than their sedentary control counterparts, and they would often
retreat and run inside the wheels when cages were disturbed either by topping up the food or water, or
when handled for transport and sacrificial experiment. On the other hand, mice with locked cages, or
non-enriched housing were much easier to grasp. It is possible that the high aggression observed in
exercised mice may be a natural manifestation, and conversely, the timid behaviours observed in
sedentary mice may be an indication of elevation of pathologies or decreased physiological function
(Gammie et al., 2003). Although beyond the scope of this study, future investigations to gauge the
parameters of stress or cognitive function in this study, would be of great benefit in understanding the
broader psychological effects of exercise.
Mice were fed with standard chow throughout the experiment ad libitum, although this is a less than
optimal method of feeding, conducive to overeating, and not emulating real life conditions (Hubert et al.,
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2000). Dietary interventions such as high fat diet (HFD), calorie restriction, and restricted time feeding
have all been known to have unique effects and modify voluntary running (Bradley et al., 2008; Khabour
et al., 2009; Reynolds et al., 2015). Since our main aim was to observe the effect of wheel running alone,
and in an attempt to gather data on a theoretical baseline, we persisted with the provision of food at all
times. Future studies will specifically address the impact of dietary modulation and caloric restriction
(Speakman and Hambly, 2007).
Furthermore, we argue that general group housing, which requires the separation of males and females, is
not natural; and there is some evidence that group clustering of male mice in standard cages, with no
opportunity to assert territorial boundaries results in increased aggressiveness and other behavioural
problems (Sherwin, 2004). Further studies need to take place in order to fully understand wheel-running
habits of this strain of mouse. Importantly, this study confirms that C57Bl/6 mice do run relatively
uniformly in our model, with evidence of ‘training’ effects. Thus, we can apply the system to study cardiac
adaptation/changes.
Wheel running: Eikelboom et al., argues that the intermittent nature of voluntary wheel running
may not induce a true physiological ‘steady state', thus limiting physiological benefit (Eikelboom, 1999).
Digital odometers may not be able to quantify actual exercise performed due to lag time error. Although
it is refutable, on the basis of outcomes from other studies and our own positive results, we would need
more sophisticated tools for recording wheel running (such as video tracking or digital continuous data
recording) to confirm or deny this (Baker and Gleeson, 1999; Gleeson and Hancock, 2001; Koteja and
Garland, 1999). We do concede however that our model fails to record activity outside the running wheel.
Nonetheless, all mice have the capacity for activity in the cages themselves. Thus, the only primary
difference is access to a wheel for greater activity in the 'active' running group. What is interesting in our
study is that Langendorff analysis shows that mice living in our larger (for individuals) environment
improved in ischaemia-reperfusion tolerance vs. the group housed in standard (non-enriched) cages.
One problem with the custom-made wheels employed here (and in other models) is that the mechanical
nature of wheel-running makes it prone to issues in apparatus design and varying resistances between
wheels. This has been shown by Konhilas et al., to be a significant issue as physiological hypertrophy in
heart was observed in unloaded WR only, combined with a marked reduction in pathological hypertrophy
genes. Groups with added resistance to wheels showed increases in soleus muscle mass, consistent with
resistance training or potentially pathological hypertrophy (Konhilas, 2006). We did wish to address
adaptations within the heart independently of major structural/hypertrophic changes, in which case lighter
'loading' is a distinct advantage. We show that alterations in ischaemic responses are achieved in the
absence of discernible hypertrophy. While overall transcriptomic patterns are in some ways a feature of
physiological hypertrophy (in which expression of most proteins is uniformly upregulated to meet
increased cell proportions and workloads), the adaptations we detect in terms of ischaemic outcome can
be distinguished from effects of hypertrophy and ventricular remodelling per se.
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Instrumentation/Equipment: A deficiency in our current protocol is an empirical measure of
circadian rhythm over a 24-hr period, which more accurate running speeds and bouts could be derived
from. In this work the total distance run and total duration daily, although these parameters are unable to
provide a detailed analysis of exercise activity in relation to specific running speeds, bouts of running, or
diurnal pattern of exercise (De Bono et al., 2006). Also, as noted above activities outside the wheels or
the control groups are not recorded. Automated computer wheel-running systems or video tracking
devices are now available and can even be incorporated with metabolic cages that detect energy and
oxygen consumption and expenditure. All food and water can be monitored in real-time, and faeces and
urine can be collected for analysis. By obtaining such comprehensive data, behavioural studies can
augment the primary information of exercise distance and duration, which will no doubt allow us to
describe the cardioprotective phenomenon of exercise in unprecedented detail. What is particularly of
interest is the need to quantitatively determine the relative intensity of wheel running, whether it befits
either a low, moderate, or high intensity exercise.
Secondly, although the studies here focus on voluntary wheel-running, a gold-standard for measuring
exercise capacity in animals is the use of a laned-treadmill. This forced-activity mode, when interfaced
with a gas exchange module, can determine maximal exertion thresholds, and can exercise mice at a
known intensity. The main purpose of incorporating a treadmill in our study would be for comparisons
between our wheel-running mice and other studies, but also as a more detailed measurement of
phenotypic training adaptations (in endurance or capacities) of wheel-run mice. Despite these study
limitations, the current work characterises and refines a murine mode of voluntary running, enabling the
study here and in future work of the coupling of cardiac phenotype, and particularly ischemic tolerance,
to physical activity level. Initial exploration of gene expression identifies common themes of cardiac
growth/development/differentiation and an immune/inflammatory response with activity. These data
provide a rich substrate for further investigation. Data also confirm the importance of acute or recent
physical activity in governing ischemic tolerance of the heart, and suggest that added benefit may not stem
from more protracted or stressful/intense forms of exercise. The current findings also point to 2 important
mediators - GSK3$ and EGFR - as candidates for coupling stress phenotype to activity and inactivity. Future
work should investigate these linkages and the role of EGFR in particular which has not previously been
identified as sensitive to physical activity level. The present data also do not support the notion that
physical activity induces hormesis effects akin to and sharing signaling with ischemic preconditioning or
calorie restriction. Rather, exercise appears to be a distinct or unique stimulus. This has important
ramifications, including the potential for additive or synergistic effects with other protective responses and
dietary/caloric manipulation. Finally, this work also confirms the highly integrative nature of adaptations
to exercise, with beneficial shifts in cardiac and extra-cardiac inflammatory and growth factor/RTK
signaling. Highlighting the broader beneficial effects of physical activity, these changes also indicate the
need to further disentangle the roles of cardiac and extra-cardiac changes in governing the
cardioprotective phenotype with activity, and conversely though equally importantly, the detrimental
impacts of inactivity.
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Entrez(Gene(Name
Fold(Change
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myomesin>(M*protein)>2,>165kDa
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chromosome>1>open>reading>frame>51
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**
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**
1.51
influenza>virus>NS1A>binding>protein
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**
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**
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SH3*binding>domain>kinase>1
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3*hydroxybutyrate>dehydrogenase,>type>1
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S1.31

FDR((%)
0.00
4.41
3.29
4.41
4.41
4.89
4.41
3.29
0.00
4.13
4.27
1.82
0.72
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2.51
0.80
1.13
0.00
3.83
4.34
0.00
3.43
0.00
0.69
1.84
0.97
3.43
3.29
0.00
3.98
0.00
3.29
4.13
2.03
2.85
0.79
3.29
0.88
2.30
0.00
0.00
1.62
4.89
3.29
1.28
2.77
0.00
0.90
2.51
2.90
3.45
3.58
0.00

Networks
**
8
4
6
**
**
1
**
4
4
1
**
**
**
**
**
**
**
**
**
**
**
**
**
9
**
**
**
**
6
8
**
**
**
1
1
**
**
**
8
**
**
**
**
**
**
11
**
**
1
9
1
4
3
4
7

Table S1:
List of transcripts significantly modified by exercise (including 142 mapped by IPA to known genes, and a total of 36 un-mapped transcripts)
Illumina(ID
ILMN_1226767
ILMN_1248367
ILMN_1238982
ILMN_3102736
ILMN_1247477
ILMN_2536649
ILMN_1230799
ILMN_1213286
ILMN_2648742
ILMN_1252214
ILMN_1223811
ILMN_1248382
ILMN_2607675
ILMN_1230065
ILMN_1221290
ILMN_2624938
ILMN_1243314
ILMN_2449644
ILMN_2770968
ILMN_2667614
ILMN_2476267
ILMN_2640848
ILMN_1249235
ILMN_2837802
ILMN_2664040
ILMN_2656422
ILMN_2969845
ILMN_2716968
ILMN_1225825
ILMN_2724545
ILMN_1231553
ILMN_2527650
ILMN_2513781
ILMN_2534207
ILMN_1259174
ILMN_2797061
ILMN_2476733
ILMN_2870672
ILMN_2723579
ILMN_3134598
ILMN_2944011
ILMN_2492170
ILMN_1240350
ILMN_1251669
ILMN_1228717
ILMN_2710159
ILMN_2605212
ILMN_2536116
ILMN_1241536
ILMN_2742075
ILMN_2775030
ILMN_2432886
ILMN_2619634
ILMN_2660263
ILMN_2852067
ILMN_2700797

Location
**
Cytoplasm
Cytoplasm
unknown
**
**
Nucleus
**
Plasma>Membrane
Cytoplasm
Cytoplasm
**
**
**
**
**
**
**
**
**
**
**
**
**
Cytoplasm
**
**
**
**
unknown
Cytoplasm
**
**
**
Cytoplasm
Nucleus
**
**
**
Cytoplasm
**
**
**
**
**
**
Cytoplasm
**
**
Plasma>Membrane
Plasma>Membrane
unknown
Extracellular>Space
Cytoplasm
unknown
Cytoplasm

Type(s)
**
enzyme
other
other
**
**
other
**
transporter
kinase
peptidase
**
**
**
**
**
**
**
**
**
**
**
**
**
enzyme
**
**
**
**
kinase
enzyme
**
**
**
other
transcription>regulator
**
**
**
phosphatase
**
**
**
**
**
**
transporter
**
**
transmembrane>receptor
transporter
other
other
other
other
enzyme

Entrez(Gene(ID(for(Human
**
18
9172
148523
**
**
10625
**
5244
5213
7273
**
**
**
**
**
**
**
**
**
**
**
**
**
211
**
**
**
**
388228
622
**
**
**
85477
88
**
**
**
57546
**
**
**
**
**
**
6535
**
**
929
2350
388558
10428
597
51019
5480

Entrez(Gene(ID(for(Mouse
Entrez(Gene(ID(for(Rat
**
**
268860
81632
17930
306616
229599
365871
**
**
**
**
117198
289089
**
**
18670
24891
18642
65152
22138
84015
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
11655
65155
**
**
**
**
**
**
**
**
104175
113907
71911
117099
**
**
**
**
**
**
20259
298975
11472
291245
**
**
**
**
**
**
382051
246311
**
**
**
**
**
**
**
**
**
**
**
**
102857
50690
**
**
**
**
12475
60350
14276
293154
233168|449000|665211|100039123|665001|668620|434179|408062|627914|242747|66
170902|171090
23837
292027
12044|12045|12047
170929
67282
299707
19038
291463

ILMN_2655795
ILMN_1235281
ILMN_3094506
ILMN_1233954
ILMN_2690839
ILMN_2671923
ILMN_1259674
ILMN_2847787
ILMN_3128907
ILMN_2611510
ILMN_2644350
ILMN_2804487
ILMN_2837865
ILMN_3107945
ILMN_1225204
ILMN_1249767
ILMN_2876554
ILMN_2945073
ILMN_2658425
ILMN_2599657
ILMN_2681232
ILMN_1245307
ILMN_1245994
ILMN_2616989
ILMN_3096012
ILMN_2971481
ILMN_1250195
ILMN_2808946
ILMN_2999439
ILMN_1230479
ILMN_2756665
ILMN_2815626
ILMN_1215862
ILMN_2666018
ILMN_2544890
ILMN_2651077
ILMN_2658804
ILMN_3091003
ILMN_2678218
ILMN_2896843
ILMN_3155380
ILMN_1254927
ILMN_2737941
ILMN_2669714
ILMN_2835117
ILMN_1226829
ILMN_2776278
ILMN_2675232
ILMN_2654554
ILMN_3109989
ILMN_1256142
ILMN_1258526
ILMN_1249000
ILMN_2734683
ILMN_1256257
ILMN_2498471
ILMN_2789948
ILMN_1259365
ILMN_2606210
ILMN_1215791
ILMN_2710274

CA4
carbonic>anhydrase>IV
S1.31
C1ORF31
chromosome>1>open>reading>frame>31
S1.31
ARHGEF15
Rho>guanine>nucleotide>exchange>factor>(GEF)>15
S1.31
PPIA>(includes>EG:268373)
peptidylprolyl>isomerase>A
S1.32
ESAM
endothelial>cell>adhesion>molecule
S1.32
LY86
lymphocyte>antigen>86
S1.32
SCD4
stearoyl*coenzyme>A>desaturase>4
S1.32
EMR1
egf*like>module>containing,>mucin*like,>hormone>receptor*like>1
S1.32
CD63
CD63>molecule
S1.32
MED21
mediator>complex>subunit>21
S1.32
THY1
Thy*1>cell>surface>antigen
S1.32
AIF1
allograft>inflammatory>factor>1
S1.33
LSM3
LSM3>homolog,>U6>small>nuclear>RNA>associated>(S.>cerevisiae)
S1.33
CCDC46
coiled*coil>domain>containing>46
S1.33
RSAD2
radical>S*adenosyl>methionine>domain>containing>2
S1.33
THBD
thrombomodulin
S1.33
SRA1
steroid>receptor>RNA>activator>1
S1.33
NAA20
N(alpha)*acetyltransferase>20,>NatB>catalytic>subunit
S1.33
MLF1
myeloid>leukemia>factor>1
S1.33
FMNL3
formin*like>3
S1.33
IFI27
interferon,>alpha*inducible>protein>27
S1.33
FBLN2
fibulin>2
S1.33
FLNA
filamin>A,>alpha
S1.33
KCTD17
potassium>channel>tetramerisation>domain>containing>17
S1.33
SSBP1
single*stranded>DNA>binding>protein>1
S1.33
ZNRD1
zinc>ribbon>domain>containing>1
S1.34
NDRG1
N*myc>downstream>regulated>1
S1.34
RPS5
ribosomal>protein>S5
S1.34
KLF4
Kruppel*like>factor>4>(gut)
S1.34
EPHB4
EPH>receptor>B4
S1.35
CBR2
carbonyl>reductase>2
S1.35
PALM
paralemmin
S1.35
CXCL9
chemokine>(C*X*C>motif)>ligand>9
S1.35
MGP
matrix>Gla>protein
S1.35
PDE4B
phosphodiesterase>4B,>cAMP*specific>(phosphodiesterase>E4>dunce>homolog,>Drosophila)
S1.35
SHISA5
shisa>homolog>5>(Xenopus>laevis)
S1.35
RRAS
related>RAS>viral>(r*ras)>oncogene>homolog
S1.35
MS4A7
membrane*spanning>4*domains,>subfamily>A,>member>7
S1.35
MMP2
matrix>metallopeptidase>2>(gelatinase>A,>72kDa>gelatinase,>72kDa>type>IV>collagenase)
S1.36
CD248
CD248>molecule,>endosialin
S1.36
CYCS>(includes>EG:13063)
cytochrome>c,>somatic
S1.36
LY6C1
lymphocyte>antigen>6>complex,>locus>C1
S1.36
RPL26
ribosomal>protein>L26
S1.36
CTSA
cathepsin>A
S1.36
CCL7
chemokine>(C*C>motif)>ligand>7
S1.37
CD93
CD93>molecule
S1.37
LY6E
lymphocyte>antigen>6>complex,>locus>E
S1.37
KLK8
kallikrein*related>peptidase>8
S1.37
FGL2
fibrinogen*like>2
S1.37
PFDN4
prefoldin>subunit>4
S1.38
MARCKS
myristoylated>alanine*rich>protein>kinase>C>substrate
S1.38
LGALS3BP
lectin,>galactoside*binding,>soluble,>3>binding>protein
S1.38
C2ORF40
chromosome>2>open>reading>frame>40
S1.38
FSTL1
follistatin*like>1
S1.38
ISG15
ISG15>ubiquitin*like>modifier
S1.38
PTRF
polymerase>I>and>transcript>release>factor
S1.38
ARHGDIB
Rho>GDP>dissociation>inhibitor>(GDI)>beta
S1.38
EMCN
endomucin
S1.38
DPT
dermatopontin
S1.38
ALOX5AP
arachidonate>5*lipoxygenase*activating>protein
S1.38
SLC9A3R2
solute>carrier>family>9>(sodium/hydrogen>exchanger),>member>3>regulator>2 S1.38

0.00
4.29
0.68
0.55
1.91
0.55
4.45
4.29
0.00
4.27
0.88
4.65
4.27
2.65
4.34
2.47
3.68
0.55
0.00
4.65
4.29
1.02
0.00
2.30
0.00
1.56
2.84
4.41
1.62
1.71
4.37
2.77
0.00
3.43
0.00
1.09
0.00
0.53
3.83
1.62
3.55
0.00
1.71
0.88
1.46
2.82
0.98
2.82
0.86
3.98
0.00
1.02
4.37
1.14
0.00
0.00
0.00
0.00
2.47
0.76
4.13

7
**
5
7
12
6
6
2
2
9
3
6
4
**
2
1
6
6
5
5
3
5
1
7
2
4
1
8
1
2
7
8
2
1
1
4
2
15
1
2
7
2
8
4
2
3
2
6
3
1
1
2,6
**
1,5,6,9
2
8
5
1
1
5
8

Plasma>Membrane
unknown
Cytoplasm
Cytoplasm
Plasma>Membrane
Plasma>Membrane
unknown
Plasma>Membrane
Plasma>Membrane
Nucleus
Plasma>Membrane
Nucleus
Nucleus
unknown
unknown
Plasma>Membrane
Nucleus
Cytoplasm
Nucleus
unknown
Cytoplasm
Extracellular>Space
Cytoplasm
unknown
Cytoplasm
Nucleus
Nucleus
Cytoplasm
Nucleus
Plasma>Membrane
Cytoplasm
Plasma>Membrane
Extracellular>Space
Extracellular>Space
Cytoplasm
Nucleus
Cytoplasm
unknown
Extracellular>Space
Plasma>Membrane
Cytoplasm
Plasma>Membrane
Cytoplasm
Cytoplasm
Extracellular>Space
Plasma>Membrane
Plasma>Membrane
Extracellular>Space
Extracellular>Space
Cytoplasm
Plasma>Membrane
Plasma>Membrane
Extracellular>Space
Extracellular>Space
Extracellular>Space
Nucleus
Cytoplasm
Extracellular>Space
Extracellular>Space
Plasma>Membrane
Plasma>Membrane

enzyme
other
other
enzyme
other
other
enzyme
G*protein>coupled>receptor
other
transcription>regulator
other
other
other
other
enzyme
transmembrane>receptor
transcription>regulator
enzyme
other
other
other
other
other
other
other
transcription>regulator
kinase
other
transcription>regulator
kinase
enzyme
other
cytokine
other
enzyme
other
enzyme
other
peptidase
other
other
other
other
peptidase
cytokine
other
other
peptidase
peptidase
other
other
transmembrane>receptor
other
other
other
transcription>regulator
other
other
other
other
transporter

762
388753
22899
**
90952
9450
**
2015
967
9412
7070
199
27258
201134
91543
7056
10011
51126
4291
91010
3429
2199
2316
79734
6742
30834
10397
6193
9314
2050
**
5064
4283
4256
5142
51246
6237
58475
4313
57124
**
**
6154
5476
6354
22918
4061
11202
10875
5203
4082
3959
84417
11167
9636
284119
397
51705
1805
241
9351

12351
67892
442801
268373
69524
17084
329065
13733
12512
108098
21838
11629
67678
76380
58185
21824
24068
67877
17349
22379
52668
14115
192176
72844
381760
66136
17988
20103
16600
13846
12409
18483
17329
17313
18578
66940
20130
109225
17390
70445
13063
17067
19941
19025
20306
17064
17069
259277
14190
109054
17118
19039
78896
14314
100038882
19285
11857
59308
56429
11690
65962

29242
**
287418
25518
300519
291359
499358
316137
29186
312849
24832
29427
297455
287776
65190
83580
252891
362228
310483
**
170512
282583
293860
300317
54304
361784
299923
25538
114505
**
84043
170673
246759
25333
24626
301013
361568
293744
81686
293669
690675
56778
287417
296370
287561
84398
362934
308565
84586
**
25603
245955
363225
79210
298693
287710
362456
295490
289178
29624
116501

ILMN_1227875
ILMN_2776431
ILMN_1215919
ILMN_2429025
ILMN_1223335
ILMN_2631161
ILMN_2416628
ILMN_2715042
ILMN_1220198
ILMN_1243329
ILMN_2639155
ILMN_1247377
ILMN_2440823
ILMN_2900910
ILMN_1221146
ILMN_2493030
ILMN_2715840
ILMN_1217849
ILMN_3097131
ILMN_2852925
ILMN_2661422
ILMN_2497957
ILMN_2714796
ILMN_2633179
ILMN_2748850
ILMN_3139875
ILMN_1255416
ILMN_1234824
ILMN_2710819
ILMN_2588139
ILMN_2637639
ILMN_2658501
ILMN_2668333
ILMN_1249220
ILMN_2806159
ILMN_2860480
ILMN_2662926
ILMN_2954868
ILMN_2944666
ILMN_2625351
ILMN_2953531
ILMN_3120014
ILMN_2856697
ILMN_2733330
ILMN_2602139
ILMN_2748875
ILMN_2619620
ILMN_2699531
ILMN_2750515
ILMN_2663249
ILMN_1239102
ILMN_3089584
ILMN_1232667
ILMN_1226525
ILMN_2734729
ILMN_2604029
ILMN_1214071
ILMN_2939681
ILMN_1243212
ILMN_2923445
ILMN_2762944

FKBP7
FK506>binding>protein>7
C1QA
complement>component>1,>q>subcomponent,>A>chain
EGFL7
EGF*like*domain,>multiple>7
WBP5
WW>domain>binding>protein>5
ANO10
anoctamin>10
FCGR3A
Fc>fragment>of>IgG,>low>affinity>IIIa,>receptor>(CD16a)
CYTH4
cytohesin>4
SDC3
syndecan>3
LHFP
lipoma>HMGIC>fusion>partner
DAB2
disabled>homolog>2,>mitogen*responsive>phosphoprotein>(Drosophila)
PRCP
prolylcarboxypeptidase>(angiotensinase>C)
MPEG1
macrophage>expressed>1
TNXB
tenascin>XB
MYL6
myosin,>light>chain>6,>alkali,>smooth>muscle>and>non*muscle
CYTL1
cytokine*like>1
NEAT1>(includes>EG:66961)
nuclear>paraspeckle>assembly>transcript>1>(non*protein>coding)
C1QC
complement>component>1,>q>subcomponent,>C>chain
LAPTM5
lysosomal>protein>transmembrane>5
TIMELESS
timeless>homolog>(Drosophila)
HIGD1B
HIG1>hypoxia>inducible>domain>family,>member>1B
RAMP2
receptor>(G>protein*coupled)>activity>modifying>protein>2
FBLN1
fibulin>1
CORO1A
coronin,>actin>binding>protein,>1A
**
**
APLNR
apelin>receptor
ACOT1>(includes>EG:26897)
acyl*CoA>thioesterase>1
LY6A
lymphocyte>antigen>6>complex,>locus>A
CCDC80
coiled*coil>domain>containing>80
CSF1R
colony>stimulating>factor>1>receptor
HLA*C
major>histocompatibility>complex,>class>I,>C
RPS3
ribosomal>protein>S3
IFITM3
interferon>induced>transmembrane>protein>3>(1*8U)
PRG4>(includes>EG:10216)
proteoglycan>4
COL6A3
collagen,>type>VI,>alpha>3
TMSB4X
thymosin>beta>4,>X*linked
ARPC1B
actin>related>protein>2/3>complex,>subunit>1B,>41kDa
EGR1
early>growth>response>1
OASL2
2'*5'>oligoadenylate>synthetase*like>2
IFIT3
interferon*induced>protein>with>tetratricopeptide>repeats>3
SH3BGRL3
SH3>domain>binding>glutamic>acid*rich>protein>like>3
MYL12B
myosin,>light>chain>12B,>regulatory
SRI
sorcin
CALM2
calmodulin>2>(phosphorylase>kinase,>delta)
RPS3A
ribosomal>protein>S3A
CCL21
chemokine>(C*C>motif)>ligand>21
FCER1G
Fc>fragment>of>IgE,>high>affinity>I,>receptor>for;>gamma>polypeptide
C1QB
complement>component>1,>q>subcomponent,>B>chain
RGS10
regulator>of>G*protein>signaling>10
FOS
FBJ>murine>osteosarcoma>viral>oncogene>homolog
SLAMF9
SLAM>family>member>9
HLA*DRB1
major>histocompatibility>complex,>class>II,>DR>beta>1
CD74
CD74>molecule,>major>histocompatibility>complex,>class>II>invariant>chain
IFITM2
interferon>induced>transmembrane>protein>2>(1*8D)
HLA*DQB1
major>histocompatibility>complex,>class>II,>DQ>beta>1
HLA*DQA1
major>histocompatibility>complex,>class>II,>DQ>alpha>1
KLF2
Kruppel*like>factor>2>(lung)
IFITM1
interferon>induced>transmembrane>protein>1>(9*27)
LYZ
lysozyme
SPARC
secreted>protein,>acidic,>cysteine*rich>(osteonectin)
ACTG2>(includes>EG:72)
actin,>gamma>2,>smooth>muscle,>enteric
IFI27L2
interferon,>alpha*inducible>protein>27*like>2

S1.39
S1.39
S1.40
S1.40
S1.40
S1.40
S1.40
S1.40
S1.40
S1.41
S1.41
S1.41
S1.41
S1.41
S1.41
S1.42
S1.43
S1.43
S1.43
S1.43
S1.44
S1.44
S1.44
S1.44
S1.44
S1.45
S1.45
S1.45
S1.46
S1.46
S1.46
S1.47
S1.47
S1.47
S1.47
S1.48
S1.48
S1.49
S1.49
S1.49
S1.50
S1.50
S1.50
S1.51
S1.51
S1.52
S1.52
S1.53
S1.54
S1.55
S1.58
S1.61
S1.67
S1.67
S1.68
S1.69
S1.72
S1.75
S1.76
S1.85
S2.11

3.55
1.08
4.89
0.82
4.34
0.00
4.94
1.46
3.98
1.07
3.68
2.70
1.62
4.29
0.92
0.82
0.00
2.93
0.00
1.46
2.76
0.00
0.00
3.43
0.00
0.80
0.00
0.94
2.70
1.56
2.76
2.47
0.79
1.54
0.00
2.76
4.89
0.00
0.00
0.55
3.91
0.77
0.63
1.56
2.04
2.61
0.00
2.47
0.00
0.00
0.00
0.00
2.10
0.84
0.79
0.00
0.00
1.93
2.30
0.00
3.98

7
3
4
5
**
3
8
5
**
3
4
7
5
4
4
8
3
7
6
14
8
9
2
**
9
4
2
6
3
2
1
3
8
5
7
7
3
13
3
5
5
5
1
6
2
2
3
1
9
10
2
2
3
2
2
9
3
3
1
1
3

Cytoplasm
Extracellular>Space
Extracellular>Space
unknown
unknown
Plasma>Membrane
Cytoplasm
Plasma>Membrane
unknown
Plasma>Membrane
Cytoplasm
Cytoplasm
Extracellular>Space
Cytoplasm
Extracellular>Space
unknown
Extracellular>Space
Plasma>Membrane
Nucleus
unknown
Plasma>Membrane
Extracellular>Space
Cytoplasm
**
Plasma>Membrane
Cytoplasm
Plasma>Membrane
Nucleus
Plasma>Membrane
Plasma>Membrane
Cytoplasm
Plasma>Membrane
Extracellular>Space
Extracellular>Space
Cytoplasm
Cytoplasm
Nucleus
unknown
Cytoplasm
Nucleus
Cytoplasm
Cytoplasm
Plasma>Membrane
Cytoplasm
Extracellular>Space
Plasma>Membrane
Extracellular>Space
Cytoplasm
Nucleus
Extracellular>Space
Plasma>Membrane
Plasma>Membrane
Plasma>Membrane
Plasma>Membrane
Plasma>Membrane
Nucleus
Plasma>Membrane
Extracellular>Space
Extracellular>Space
Cytoplasm
unknown

enzyme
other
other
other
other
transmembrane>receptor
other
other
other
other
peptidase
other
other
other
cytokine
other
other
other
other
other
other
other
other
**
G*protein>coupled>receptor
enzyme
other
other
kinase
transmembrane>receptor
enzyme
other
other
other
other
other
transcription>regulator
enzyme
other
other
other
transporter
other
other
cytokine
transmembrane>receptor
other
other
transcription>regulator
other
transmembrane>receptor
transmembrane>receptor
other
transmembrane>receptor
transmembrane>receptor
transcription>regulator
other
enzyme
other
other
other

51661
712
51162
51186
55129
2214
27128
9672
10186
1601
5547
219972
7148
4637
54360
**
714
7805
8914
51751
10266
2192
11151
**
187
**
**
151887
1436
3107
6188
10410
10216
1293
7114
10095
1958
**
3437
83442
103910
6717
805
6189
6366
2207
713
6001
2353
89886
3123
972
10581
3119
3117
10365
8519
4069
6678
72
83982

14231
295672
12259
298566
353156
245963
22381
680354
102566
301111
246256
304966
72318
500906
20970
116673
108927
499615
13132
79128
72461
293118
17476
64552
81877
415089
17904
685867
231162
498392
66961
**
12262
362634
16792
89783
21853
83508
75689
287738
54409
58966
14114
315191
12721
155151
**
**
23796
83518
26897
50559
110454
246139
67896
64387
12978
307403
14972|14964
27050
140654
66141
361673
96875
289104
12835
367313
19241
81814
11867
54227
13653
24330
23962
304549
667370|15959
309526
73723
298544
67938
50685
109552
**
12314
**
20091|100043780|668144
29288
100041593|18829|100038965|65956|100042544|100041504|100042493|100039131
298006
14127
25441
12260
29687
67865
54290
14281
314322
98365
289235
14969
294270
16149
25599
80876
114709
14961
309622
14960
309621
16598
306330
68713
293618
17110|17105
25211
20692
24791
11475
25365
76933
**

Table S2: Exercise-responsive molecular networks identified via IPA bioinformatic analysis

ID

MOLECULES IN NETWORK

SCORE

FOCUS
MOLECULES

TOP FUNCTIONS

42

23

Cellular Movement,

Actg2 (Includes Eg:72), Actin, Actn2, Alp, Calm2,
1

Calmodulin, Cd14, Collagen(S), Creb, Dpt, Emcn,
Erk1/2, F Actin, Flna, Fstl1, Ivns1abp, Klf4, Laminin,

2

Marcks, Mgp, Mmp2, Mucin, Ndrg1, Pde4b, Pdgf Bb,

Cardiac

Pfdn4, Pka, Rgs10, Rps3, Scin, Sparc, Thbd, Ttn,

Necrosis/Cell

Vitamind3-Vdr-Rxr, Znf808

Death, Cell Death

Cbp, Ccl7, Ccl21, Cd63, Cd74, Cd248, Coro1a, Cxcl9,
Antigen

Emr1, Ephb4, Fcer1g, Hla-C, Hla-Dq, Hla-Dqa1, HlaDqb1, Hla-Dr, Hla-Drb1, Ifn Alpha/Beta, Ifn Beta, Igg,

40

22

Presentation,

Il12 (Complex), Immunoglobulin, Interferon Alpha,

Inflammatory

Isg15, Lgals3bp, Ly6a, Ly6c1, Ly6e, Mhc, MHC Class

Response, Cell-To-

Ii (Complex), MHC2 Alpha, Nfkb (Complex), Rras,

Cell Signaling and

Rsad2, Ssbp1

Interaction
Cellular Growth
and Proliferation,

3

Akt, Ap1, Bcl2a1, C1q, C1qa, C1qb, C1qc, Cd93,

Connective Tissue

Csf1r, Dab2, Egr1, Erk, Estrogen Receptor, Fc

Development and

Receptor, Fcgr3a, Fgl2, Hcg, Ifi27, Ifi27l2, Ifit3, Ifitm1,

30

18

Function, Skeletal

Ifitm2, Ifitm3, Il1, Interferon-Α Induced, Irg, Ldl, Lh, Lyz,

and Muscular

Mmp, P38 Mapk, Peptidase, Tgf Beta, Thy1, Vegf

System
Development and
Function

Abcb4, Acot1 (Includes Eg:26897), Ccdc45, Ccdc53,
Cfdp1, Ctsa, Cytl1, Dusp7, Egfl7, Epas1, Hnf4a, Igf1,
4

Il2, Kdm5c, Lox, Lsm3, Lsm5, Mtf2, Myl6, Mylpf,

22

14

Drug Metabolism,

Myom2, Palmitoyl-Coa Hydrolase, Pard3b, Pex6,

Molecular

Pex16, Pfk, Pfkm, Prcp, Rnase3, Rsph3, Shisa5,

Transport, Cell

Smad3, Smad3-Smad4-Tob, Znhit6, Znrd1

Cycle

Genetic Disorder,

5

Alox5ap, Anks1a, Arhgdib, Arhgef15, Cdkn3, Cdkn1b,

Skeletal and

Col6a1, Col6a2, Col6a3, Egfr, Erbb2, Fbln2, Fmnl3,

Muscular

Fstl1, Ltbp2, Mlf1, Myl12b, Mylpf, Net1, Nrbp1, Nucb2,

21

14

Disorders,

Pdlim4, Pmepa1, Prpf40a, Rhoa, Rhoc, Sdc3,

Dermatological

Sh3bgrl3, Spock1, Sri, Tgfb1, Tnxb, Vps24, Wbp5,

Diseases and

Wfs1

Conditions
Neurological
Disease, Digestive

6

Aif1, Beta-Estradiol, Bicd1, C1orf51, Ccdc80, Creb1,

System

Ctps, Dhrs2 (Includes Eg:10202), Fstl1, Galp, Gsk3b,

Development and

Ifi30, Igfbp6, Ikbke, Il6, Insl3, Irf6, Klk8, Lefty2, Lep,

20

13

Function,

Lgals3bp, Lipid, Lpar2, Lpar3, Ly86, Naa20, Nfkbid,

Connective Tissue

Pdxk, Prune, Psme2, Rps3a, Sbk1, Scd4, Sra1,

Development and

Timeless

Function

Anxa3, Arpc1b, Ca4, Cbr2, Chka, Cholesterol, Cycs

7

(Includes Eg:13063), Ercc1, Fkbp2, Fkbp5, Fkbp7,

Drug Metabolism,

Fkbp14, Hist1h1c, Hras, Htt, Kctd17, Laptm5,

Small Molecule

Loc100129193, Mpeg1, Mt1a, Peptidylprolyl

Biochemistry, Cell

Isomerase, Pigf, Pin1, Pin4, Ppi, Ppia (Includes

Morphology

Eg:268373), Ppia (Includes Eg:5478), Ppib, Ppic, Ppif,
Ppil1, Sc4mol, Tmsb4x, Tp53, Tyro3

15

11

Abat, Bdh1, Crk, Cyth2, Cyth4, Dlgap3, Dock4, Dtx1,

Carbohydrate

Efs, Ephb6, Expi, Grb2, Hnrnpr, Iapp, Id4, Inppl1, Ins1,

Metabolism, Lipid

Ipcef1, Neat1 (Includes Eg:66961), Palm, Pax6, Pdp2,

Metabolism,

Phosphatidylinositol-3,4,5-Triphosphate, Prg4

Molecular

(Includes Eg:10216), Pten, Ptprn2, Ptrf, Ramp2, Rin3,

Transport

8

Rpl26, Rps5, Sh2b2, Ship, Slc9a3r2, Snx3

15

12

9

2-Amino-3-Phosphonopropionic Acid, Alas1, Aplnr,

10

8

Arhgap26, Cap2, Catechol, Dbh, Fak-Src, Fbln1, Folr2,

Organismal
Survival, Cell-

Fos, Fsh, Fstl1, Histone H3, Htatip2, Hydroquinone,

mediated Immune

Integrin, Jnk, Klf2, Mapk, Med21, Msk1/2, Ngf,

Response, Cellular

Ornithine Decarboxylase, Pi3k, Pkc(S), Rap1, Rap1-

Development

Gp91-P22 Phox-P40 Phox-P47 Phox-P67 Phox, Ras,
Rna Polymerase Ii, Rprm, Tcr, Tfiie, Tfiif, Ubiquitin
Cancer,
Immunological
10

Brd2, Slamf9

2

1

Disease, Cell
Death
Amino Acid
Metabolism,
Molecular

11

creatine, Slc6a8

2

1

Transport, Small
Molecule
Biochemistry
Reproductive
System
Development and
Function, Tissue

12

Esam, Slc30a9

2

1

Development,
Cardiovascular
System
Development and
Function
Connective Tissue
Development and

13

Kdm6b, Oasl2, Smurf1

2

1

Function,
Organismal
Development,
Skeletal and
Muscular System

Development and
Function
Gastrointestinal
14

Gcom1, Grinl1a, Higd1b

2

1

Disease, Hepatic
System Disease
Lipid Metabolism,
Small Molecule

C2ORF18, HMGCL, MIR93 (Includes EG:407050),
15

MS4A7, PSMF1

1

1

Biochemistry,
Nucleic Acid
Metabolism

Non-italicised molecules were not differentially modified, but are included based upon IPA
extrapolation from known molecular interactions. The IPA-calculated Score is derived from
the negative log of a P-value, signifying the likelihood of network-eligible genes within a
network being clustered together as a result of chance alone.

Table S3: Exercise-response canonical signaling pathways identified via IPA bioinformatic
analysis
INGENUITY CANONICAL

-log (P-

PATHWAYS

Value)

RATIO

MOLECULES
Hla-Dqb1,Fos,Arpc1b,Myl6,Myl12b,Hla-

Cdc42 Signaling

4.98E+00

5.03E-02

Dqa1,Fcer1g,Hla-Drb1,Hla-C

4.57E+00

8.20E-02

Hla-Dqb1,Hla-Dqa1,Fcer1g,Hla-Drb1,Hla-C

4.38E+00

1.02E-01

Hla-Dqb1,Hla-Dqa1,Fcer1g,Hla-Drb1,Hla-C

Lymphocytes

3.92E+00

7.81E-02

Hla-Dqb1,Hla-Dqa1,Calm2,Fcer1g,Hla-Drb1

Antigen Presentation Pathway

3.89E+00

1.03E-01

Hla-Dqa1,Hla-Drb1,Cd74,Hla-C

Allograft Rejection Signaling

3.83E+00

5.21E-02

Hla-Dqb1,Hla-Dqa1,Fcer1g,Hla-Drb1,Hla-C

Autoimmune Thyroid Disease
Signaling
Graft-versus-Host Disease
Signaling
Nur77 Signaling in T

Hla-Dqb1,Fos,Arpc1b,HlaCD28 Signaling in T Helper Cells

3.75E+00

5.22E-02

Dqa1,Calm2,Fcer1g,Hla-Drb1

3.66E+00

5.81E-02

Hla-Dqb1,Hla-Dqa1,Fcer1g,Hla-Drb1,Hla-C

3.62E+00

7.14E-02

Hla-Dqb1,Hla-Dqa1,Calm2,Fcer1g,Hla-Drb1

Cytotoxic T Lymphocyte-mediated
Apoptosis of Target Cells
Calcium-induced T Lymphocyte
Apoptosis

Arpc1b,Myl6,Rras,Myl12b,Actn2,Cd14,Actg2
Actin Cytoskeleton Signaling

3.59E+00

3.80E-02

Role of NFAT in Regulation of the
Immune Response

(Includes Eg:72),Ttn,Tmsb4x
Hla-Dqb1,Fos,Rras,Hla-

3.56E+00

3.96E-02

Dqa1,Calm2,Fcer1g,Hla-Drb1,Fcgr3a

OX40 Signaling Pathway

3.44E+00

5.26E-02

Hla-Dqb1,Hla-Dqa1,Fcer1g,Hla-Drb1,Hla-C

PKCθ Signaling in T Lymphocytes

3.02E+00

4.26E-02

Hla-Dqb1,Fos,Rras,Hla-Dqa1,Fcer1g,Hla-Drb1

Signaling in Rheumatoid Arthritis

2.92E+00

5.49E-02

Hla-Dqb1,Hla-Dqa1,Ccl21,Fcer1g,Hla-Drb1

B Cell Development

2.81E+00

8.11E-02

Hla-Dqb1,Hla-Dqa1,Hla-Drb1

Altered T Cell and B Cell

Hla-Dqb1,Hla-Dqa1,Fcer1g,HlaDendritic Cell Maturation

2.57E+00

3.19E-02

Drb1,Fcgr3a,Hla-C
Arpc1b,Myl6,Myl12b,Actg2 (Includes

RhoA Signaling

2.39E+00

4.55E-02

Eg:72),Ttn

Type I Diabetes Mellitus Signaling

2.38E+00

4.20E-02

Hla-Dqb1,Hla-Dqa1,Fcer1g,Hla-Drb1,Hla-C

Complement System

2.37E+00

8.33E-02

C1qc,C1qa,C1qb

Signaling

2.36E+00

3.07E-02

Fos,Rras,Fcer1g,Fcgr3a,Hla-C

T Helper Cell Differentiation

2.35E+00

5.56E-02

Hla-Dqb1,Hla-Dqa1,Fcer1g,Hla-Drb1

Helper Cells

2.34E+00

4.03E-02

Hla-Dqb1,Hla-Dqa1,Calm2,Fcer1g,Hla-Drb1

IL-4 Signaling

2.28E+00

5.33E-02

Hla-Dqb1,Rras,Hla-Dqa1,Hla-Drb1

Signaling

2.19E+00

4.71E-02

Flna,Actg2 (Includes Eg:72),Ptrf,Hla-C

Chemokine Signaling

2.17E+00

5.33E-02

Fos,Ccl7,Rras,Calm2

2.16E+00

6.52E-02

Fos,Cd14,Cd74

Systemic Lupus Erythematosus

iCOS-iCOSL Signaling in T

Caveolar-mediated Endocytosis

MIF Regulation of Innate
Immunity

Myl6,Rras,Myl12b,Arhgef15,Calm2,Fcer1g,Ma
Phospholipase C Signaling

2.15E+00

2.73E-02

rcks

Fos,Myl6,Flna,Actn2,Actg2 (Includes
ILK Signaling

2.11E+00

3.19E-02

Cellular Effects of Sildenafil
(Viagra)

Eg:72),Tmsb4x
Myl6,Myl12b,Calm2,Pde4b,Actg2 (Includes

2.04E+00

3.31E-02

Eg:72)

2.04E+00

4.35E-02

Arpc1b,Myl6,Myl12b,Actg2 (Includes Eg:72)

1.93E+00

4.08E-02

Flna,Rras,Actg2 (Includes Eg:72),Hla-C

Regulation of Actin-based Motility
by Rho
Virus Entry via Endocytic
Pathways

Arpc1b,Rras,Myl12b,Actn2,Actg2 (Includes
Integrin Signaling

1.90E+00

2.94E-02

Eg:72),Ttn

Lymphocytes

1.88E+00

4.00E-02

Hla-Dqb1,Hla-Dqa1,Fcer1g,Hla-Drb1

CXCR4 Signaling

1.68E+00

2.96E-02

Fos,Myl6,Rras,Myl12b,Egr1

CCR5 Signaling in Macrophages

1.55E+00

3.23E-02

Fos,Calm2,Fcer1g

Macropinocytosis Signaling

1.52E+00

4.05E-02

Rras,Cd14,Csf1r

Interferon Signaling

1.51E+00

6.67E-02

Ifit3,Ifitm1

1.50E+00

2.80E-02

Fcer1g,Hla-Drb1,Hla-C

CTLA4 Signaling in Cytotoxic T

Communication between Innate
and Adaptive Immune Cells
Leukocyte Extravasation
Signaling

Myl6,Actn2,Thy1,Mmp2,Actg2 (Includes
1.43E+00

2.55E-02

Eg:72)

1.42E+00

5.26E-02

Cd14,Cd74

1.42E+00

2.99E-02

Myl6,Ccl21,Cd14,Mmp2

MIF-mediated Glucocorticoid
Regulation
Hepatic Fibrosis / Hepatic Stellate
Cell Activation

LPS-stimulated MAPK Signaling

1.42E+00

3.75E-02

Fos,Rras,Cd14

1.40E+00

3.66E-02

C1qc,C1qa,C1qb

and Natural Killer Cells

1.37E+00

3.06E-02

Hla-Drb1,Actg2 (Includes Eg:72),Hla-C

VDR/RXR Activation

1.36E+00

3.75E-02

Cd14,Thbd,Klf4

Lymphocytes

1.31E+00

3.33E-02

Fos,Rras,Calm2

PPAR Signaling

1.29E+00

3.06E-02

Fos,Sra1,Rras

Role of Pattern Recognition
Receptors in Recognition of
Bacteria and Viruses
Crosstalk between Dendritic Cells

Regulation of IL-2 Expression in
Activated and Anergic T

Signaling pathway grouping of cardiac transcripts differentially modified by 7 days of wheel
running. Also shown are -log(P-values) reflecting the likelihood of these gene groupings based
on chance alone, and the Ratio which is the number of molecules from the dataset that map to
the pathway divided by the total number of molecules within that canonical path.

Table S4: Exercise-response gene groupings involved in specific molecular/cellular
functions, identified via IPA bioinformatic analysis
P-VALUE
CATEGORY

RANGE

MOLECULES

1.71E-06 Antigen

2.65E-02
Cxcl9,Hla-Dqa1,Hla-Drb1,Cd74,Pde4b,Csf1r,Cd63,Hla-

Presentation

Dqb1,Ccl7,Coro1a,Fcer1g,Ccl21,Cd14,Hla-C,Tmsb4x
Hla-Dqa1,HlaDrb1,C1qa,Lyz,Cd74,Sdc3,Tnxb,Cd63,Ramp2,Esam,Cfdp1,Dab2,Mar
cks,Klf2,Fcgr3a,HlaC,Tmsb4x,Cxcl9,Ndrg1,Rras,Egr1,Actn2,Cd93,Thy1,Emcn,Mmp2,Thb

Cell-To-Cell
Signaling and

2.86E-06 d,Csf1r,Arhgdib,Hla3.15E-02
Dqb1,Ly6a,Fos,Ccl7,Lgals3bp,Coro1a,Fcer1g,Ccl21,Cd14,Sparc,Cd2

Interaction

48,Emr1,Bcl2a1
Arpc1b,Fgl2,Palm,Sdc3,Cd74,Ramp2,Fstl1,Esam,Flna,Fbln1,Mgp,Da
b2,Slc9a3r2,Marcks,Klf2,Fcgr3a,Tmsb4x,Ephb4,Aplnr,Cxcl9,Ndrg1,Rr

Cellular

1.69E-05 -

Movement

3.15E-02

as,Egr1,Alox5ap,Thy1,Mmp2,Pde4b,Csf1r,Klf4,Arhgdib,Egfl7,Ppic,Ly6
a,Fos,Abcb4,Ccl7,Myl12b,Ppia (Includes
Eg:268373),Coro1a,Fcer1g,Ccl21,Cd14,Sparc
HlaDqa1,C1qc,Cd74,Sdc3,Cytl1,Rps3a,Ifitm2,Rgs10,Mgp,Dab2,Aif1,Mar
cks,Prg4 (Includes Eg:10216),Klf2,HlaCellular

1.09E-04-

Development

3.15E-02

C,Ephb4,Sra1,Aplnr,Ndrg1,Rras,Actn2,Egr1,Thy1,Mmp2,Mlf1,Scin,Klf
4,Cbr2,Csf1r,Ttn,Hla-Dqb1,Ly6a,Fos,Timeless,Ccl7,Ppia (Includes
Eg:268373),Coro1a,Ccl21,Fcer1g,Cd14,Sparc,Bcl2a1,Ccdc80

Cellular Growth
and

1.09E-04Fgl2,Hla-Drb1,Palm,Cd63,Rps3a,Ly86,Cfdp1,Fbln1,Mgp,Aif1,Prg4
3.15E-02
(Includes

Proliferation

Eg:10216),Klf2,Ifit3,Cxcl9,Aplnr,Ndrg1,Ly6c1,Thy1,Mmp2,Thbd,Klf4,C
ol6a3,Timeless,Cd14,Cd248,Bcl2a1,Folr2,Cd74,Ifitm3,Dpt,Ifitm1,Dab2
,Slc9a3r2,Fcgr3a,Tmsb4x,Ephb4,Sra1,Egr1,Scin,Klk8,Csf1r,Isg15,Ly6
a,Ivns1abp,Fos,Abcb4,Ppia (Includes
Eg:268373),Coro1a,Fcer1g,Ccl21,Sparc

Carbohydrate

6.62E-04-

Metabolism

3.15E-02

Abcb4,Cd14,Mmp2,Marcks,Lyz
Fgl2,Sh3bgrl3,HlaDrb1,C1qa,Lyz,Rps3a,Ly86,Fbln1,Rgs10,Mgp,Aif1,Klf2,Hla-

Cell Death

8.72E-04-

C,Shisa5,Ndrg1,Rras,Cycs (Includes

3.15E-02

Eg:13063),Thy1,Mmp2,Pde4b,Thbd,Klf4,Cd14,Bcl2a1,Cd74,Fstl1,Fln
a,Dab2,Slc9a3r2,Rps3,Fcgr3a,Tmsb4x,Ephb4,Sra1,Egr1,Scin,Klk8,Cs
f1r,Isg15,Ivns1abp,Ly6a,Fos,Abcb4,Ccl7,Lgals3bp,Ppia (Includes
Eg:268373),Fcer1g,Ccl21,Sparc

Cell

1.63E-03-

Ephb4,Cxcl9,Rras,Egr1,Actn2,Scin,Mmp2,Palm,Thbd,Klf4,Csf1r,Ttn,F

Morphology

3.15E-02

os,Ccl7,Flna,Cfdp1,Coro1a,Sparc,Dab2,Aif1,Marcks,Klf2,Tmsb4x

Cellular

Cycs (Includes

Function and

2.32E-03-

Eg:13063),Egr1,Cd93,C1qa,Tnxb,Egfl7,Flna,Dpt,Fbln1,Coro1a,Ccl21,

Maintenance

3.08E-02

Fcer1g,Cd14,Klf2

Molecular

3.5E-03-

Transport

3.15E-02

Sri,Slc6a8,Abcb4,Fcer1g,Cd14,Alox5ap,Scin,Marcks,Hla-C

Small Molecule

3.5E-03-

Slc6a8,Egr1,Alox5ap,Mmp2,Scin,Lyz,Cd74,Cbr2,Abcb4,Fcer1g,Cd14,

Biochemistry

3.15E-02

Marcks,Scd4

Assembly and

5.31E-03-

Rras,Actn2,Thy1,Mmp2,Scin,Tnxb,Csf1r,Klf4,Ttn,Flna,Dpt,Coro1a,Ccl

Organization

3.15E-02

21,Dab2,Sparc,Slc9a3r2,Marcks,Klf2,Tmsb4x

Lipid

7.16E-03-

Cellular

Abcb4,Fcer1g,Cd14,Alox5ap,Cd74,Marcks,Scd4

Metabolism

3.15E-02

PostTranslational

1.06E-02-

Modification

3.15E-02

Protein

1.06E-02-

Synthesis

1.06E-02

Amino Acid

1.06E-02-

Metabolism

3.15E-02

Actn2,Scin,Cd74,Cbr2,Pfkm,Isg15

Actn2,Cbr2,Pfkm

Slc6a8,Egr1

1.06E-02Cell Cycle

3.15E-02

Cellular

1.06E-02-

Compromise

2.25E-02

Fos,Egr1,Sparc,Mlf1,Scin,Klf4

Aplnr,Ndrg1,Egr1,Thy1,Dab2

DNA
Replication,
Recombination,

1.06E-02-

and Repair

3.15E-02

Drug

1.06E-02-

Metabolism

3.15E-02

Gene

1.06E-02-

Expression

3.15E-02

Protein

1.06E-02-

Trafficking

3.15E-02

Fos,Cbr2

Abcb4

Fos,Sra1,Ssbp1,Egr1,Dab2,Klf2

Alox5ap,Hla-C

2.11E-02Protein Folding

2.11E-02

Isg15

Cellular
Response to

3.15E-02-

Abcb4

Therapeutics

3.15E-02

Nucleic Acid

3.15E-02-

Metabolism

3.15E-02

Cbr2

The Category is the specific molecular/cellular function to which gene groupings are linked.
Also shown are P-values regarding the likelihood of these groupings based on chance alone.

Table S5: Exercise-response gene groupings involved in physiological system development
and function, identified via IPA bioinformatic analysis
P-VALUE
CATEGORY

RANGE

MOLECULES
Fgl2,Hla-Dqa1,HlaDrb1,C1qa,C1qc,Lyz,Cd74,Cd63,Ly86,Rgs10,Dab2,Klf2,Fcgr3a,T

Hematological
msb4x,HlaSystem
C,Ephb4,Cxcl9,Ndrg1,Egr1,Cd93,Ly6c1,Alox5ap,Thy1,Mmp2,Mlf1
Development and

2.86E-06-

Function

3.15E-02

,Scin,Pde4b,Thbd,Klf4,Klk8,Csf1r,Isg15,HlaDqb1,Ly6a,Fos,Abcb4,Ccl7,Ppia (Includes
Eg:268373),Coro1a,Fcer1g,Ccl21,Cd14,Bcl2a1
Hla-Dqa1,Hla-Drb1,C1qa,Lyz,Cd74,Cd63,Klf2,Fcgr3a,HlaC,Tmsb4x,Cxcl9,Ndrg1,Egr1,Cd93,Alox5ap,Thy1,Mmp2,Pde4b,T
Immune Cell

2.86E-06-

hbd,Csf1r,Hla-Dqb1,Ly6a,Fos,Ccl7,Abcb4,Ppia (Includes

Trafficking

3.15E-02

Eg:268373),Coro1a,Ccl21,Fcer1g,Cd14
C1qa,Sdc3,Tnxb,Cd63,Esam,Cfdp1,Ly6e,Dab2,Marcks,Tmsb4x,E
phb4,Cxcl9,Ndrg1,Rras,Actn2,Egr1,Cd93,Emcn,Thy1,Mmp2,Thbd

Tissue

4.25E-06-

,Ttn,Egfl7,Arhgdib,Ly6a,Ccl7,Lgals3bp,Coro1a,Fcer1g,Ccl21,Spar

Development

3.15E-02

c,Emr1

Renal and
Urological System
Development and

3.47E-04-

Function

2.11E-02

Cxcl9,Timeless,Dpt,Fbln1,Fcer1g,Ccl21,Thy1,Sparc

Cell-mediated
Immune

6.62E-04-

Response

3.15E-02

Connective Tissue

7.14E-04-

Cxcl9,Ccl7,Egr1,Ccl21
Ly6a,Fos,Abcb4,Egr1,Lgals3bp,Rgs10,Fcer1g,Sparc,Cd248,Csf1r

Development and

3.15E-02

Function
Skeletal and
Muscular System

Sri,Slc6a8,Myom2,Egr1,Actn2,Rsad2,Mmp2,Pde4b,Thbd,Csf1r,Kl

Development and

1.63E-03-

f4,Ttn,Ly6a,Fos,Ppia (Includes

Function

3.15E-02

Eg:268373),Rgs10,Mgp,Fcer1g,Sparc,Aif1,Klf2

Lymphoid Tissue
Structure and

1.89E-03-

Development

3.23E-03

Embryonic

2.01E-03-

Development

3.15E-02

Cytl1,Fos,Ephb4,Aplnr,Ndrg1,Dpt,Egr1,Fcer1g,Sparc,Dab2,Mmp2

Organismal

3.35E-03-

Fos,Cxcl9,Abcb4,Fgl2,Ccl21,Cd14,Mmp2,Lyz,Actg2 (Includes

Survival

4.85E-03

Eg:72),Cd74,Bcl2a1,Ramp2

Organismal

4.76E-03-

Development

3.15E-02

Cxcl9,Ccl7,Coro1a,Fcer1g,Pde4b,Tmsb4x

Fos,Ephb4,Thy1,Mmp2,Csf1r,Klf2
Sri,Hla-Dqa1,C1qa,Cd63,Actg2 (Includes

Tissue

6.23E-03-

Eg:72),Klf2,Slc6a8,Ndrg1,Myom2,Egr1,Actn2,Thy1,Scin,Mmp2,Pd

Morphology

3.15E-02

e4b,Csf1r,Klf4,Ttn,Isg15,Fos,Ccl7,Fcer1g,Ccl21,Sparc,Bcl2a1

Nervous System
Development and

6.89E-03-

Function

3.15E-02

Fos,Cxcl9,Myl12b,Egr1,Ccl21,Thy1

1.06E-02Behavior

1.06E-02

Thy1

Cardiovascular
System
Development and

1.06E-023.15E-02

Ephb4,Abcb4,Thy1,Mmp2,Actg2 (Includes Eg:72),Klf2,Egfl7

Function
Endocrine System
Development and

1.06E-02-

Function

2.11E-02

Abcb4,Egr1,Mmp2

Hair and Skin
Development and

1.06E-02-

Function

2.11E-02

Sparc,Tnxb,Klf4,Csf1r
Cxcl9,Egr1,Hla-

Hematopoiesis

1.06E-02-

Dqa1,C1qc,Mlf1,Cd74,Csf1r,Ly6a,Fos,Rgs10,Cd14,Bcl2a1,Klf2,Hl

3.15E-02

a-C

Hepatic System
Development and

1.06E-02-

Function

1.06E-02

Organ

1.06E-02-

Development

2.65E-02

Organ

1.06E-02-

Morphology

2.11E-02

Egr1

Ephb4,Timeless,Dpt,Mgp,Sparc,Mmp2,Klf4,Klf2

Dpt,Thy1,Alox5ap,Mmp2,Tnxb

Reproductive
System
Development and

1.06E-02-

Function

2.11E-02

Tumor

1.06E-02-

Morphology

3.15E-02

Aplnr,Ndrg1

Fos

Visual System
Development and

1.06E-02-

Function

3.15E-02

Thy1,Sparc

Auditory and
Vestibular System
Development and

2.11E-02-

Function

2.11E-02

Alox5ap

Digestive System
Development and

2.11E-02-

Function

3.15E-02

Humoral Immune

2.11E-02-

Response

3.15E-02

Abcb4,Cd63

Cxcl9,Egr1,Ccl21,Fcer1g,Hla-Dqa1,Bcl2a1,Klf4

Respiratory
System
Development and

2.11E-02-

Function

2.55E-02

Organismal

3.15E-02-

Functions

3.15E-02

Timeless,Mgp,Sparc,Mmp2

Cd14

The Category is the specific physiological system (development or function) to which gene
groupings are linked. Also shown are P-values regarding the likelihood of these groupings
based on chance alone.

Table S6: Exercise-responsive gene groupings related to specific disease and disorders,
identified via IPA bioinformatic analysis
P-VALUE
CATEGORY

RANGE

MOLECULES
Hla-Dqa1,HlaDrb1,C1qa,Lyz,C1qb,Cd74,Cd63,Ifitm3,Ifitm2,Aif1,Klf2,Fcgr3a,Tmsb4

Inflammatory

x,Hla-

Response

C,Cxcl9,Ndrg1,Egr1,Cd93,Thy1,Alox5ap,Pde4b,Ifi27l2,Thbd,Klk8,Csf1
1.27E-06-

r,Arhgdib,Isg15,Ivns1abp,Hla-Dqb1,Fos,Ccl7,Abcb4,Ppia (Includes

3.15E-02

Eg:268373),Coro1a,Ccl21,Fcer1g,Cd14
Myl6,Abat,Lyz,Tnxb,Bdh1,Ifitm2,Fbln1,Mgp,Lsm3,Ifit3,Cxcl9,Ndrg1,Rr
as,Emcn,Thy1,Mmp2,Pde4b,Thbd,Klf4,Arhgdib,Col6a3,C2orf40,Cd14,
Cd248,Ifi27,Cd74,Ramp2,Dpt,Flna,Dab2,Ly6e,Ifitm1,Alas1,Marcks,Fc

Cancer

3.22E-05-

gr3a,Tmsb4x,Ephb4,Egr1,Mlf1,Ifi27l2,Csf1r,Klk8,Egfl7,Isg15,Fos,Abcb

3.15E-02

4,Ppia (Includes Eg:268373),Lgals3bp,Ccl21,Sparc
Ca4,Med21,HlaDrb1,C1qa,Lyz,Tnxb,C1orf31,Rps3a,Ifitm2,Rgs10,Mgp,Znf808,Kctd17
,Aif1,Prg4 (Includes Eg:10216),HlaC,Aplnr,Cxcl9,Ndrg1,Thy1,Mmp2,Pde4b,Arhgdib,Ttn,Pfkm,HlaDqb1,Col6a3,C2orf40,Ms4a7,Cd14,Hla-

Skeletal and

Dqa1,Sdc3,Cd74,Ramp2,Lhfp,Flna,Rps3,Fcgr3a,Tmsb4x,Ephb4,Myo

Muscular

8.58E-05-

m2,Actn2,Egr1,Alox5ap,Mlf1,Csf1r,Ivns1abp,Fos,Cyth4,Ccl7,Ppia

Disorders

3.15E-02

(Includes Eg:268373),Lgals3bp,Ccl21,Fcer1g,Sparc,Ccdc46
Myl6,Ifi27,Cd74,Ramp2,Bdh1,Flna,Dpt,Ifitm2,Mgp,Ly6e,Dab2,Marcks,

Reproductive

Fcgr3a,Tmsb4x,Hla-

System

1.52E-04-

C,Ifit3,Cxcl9,Ndrg1,Rras,Egr1,Thy1,Emcn,Mmp2,Csf1r,Klk8,Arhgdib,F

Disease

3.12E-02

os,Col6a3,Ccl21
Ca4,Hla-Dqa1,Hla-

Genetic

1.89E-04-

Drb1,Med21,Cd74,Tnxb,Flna,Ly86,Ifitm2,Rgs10,Fbln1,Mgp,Ly6e,Dab

Disorder

3.15E-02

2,Znf808,Kctd17,Prg4 (Includes Eg:10216),Fcgr3a,Hla-

C,Tmsb4x,Slc6a8,Ephb4,Aplnr,Ndrg1,Rras,Myom2,Egr1,Actn2,Alox5a
p,Mmp2,Mlf1,Pde4b,Thbd,Csf1r,Arhgdib,Ttn,Pfkm,HlaDqb1,Ivns1abp,Abcb4,Col6a3,Ppia (Includes
Eg:268373),Fcer1g,C2orf40,Cd14,Fbln2
Cxcl9,Hla-Dqa1,Hla-Drb1,Mmp2,C1qa,Pde4b,Cd74,Ifitm3,Csf1r,HlaImmunological

7.23E-04-

Dqb1,Fos,Ccl7,Ppia (Includes

Disease

3.15E-02

Eg:268373),Ifitm2,Ccl21,Fcer1g,Cd14,Ifitm1,Fcgr3a,Hla-C
Znrd1,Laptm5,Abat,Ca4,C1qa,Lyz,Cd74,Tnxb,Cd63,Ifitm3,Ly86,Lsm3,
Prg4 (Includes Eg:10216),Klf2,Fcgr3a,Hla-

Infectious

9.76E-04-

C,Cxcl9,Egr1,Cd93,Emcn,Alox5ap,Pde4b,Thbd,Pfkm,Hla-

Disease

3.15E-02

Dqb1,Ccl7,Fcer1g,Cd14,Sparc

Cardiovascular

1.63E-03-

Fstl1,Ppia (Includes Eg:268373),Cd14,Mmp2,Actg2 (Includes

Disease

3.15E-02

Eg:72),Thbd,Csf1r,Ttn

Endocrine
System

1.98E-03-

Disorders

1.06E-02

Metabolic

1.98E-03-

Disease

2.11E-02

Dermatological

Hla-Dqb1,Rsad2,Cd74,Ifitm3,Klf4,Hla-C

Hla-Dqb1,Slc6a8,Rsad2,Cd74,Lyz,Ifitm3,Klf4,Hla-C,Pfkm
Cxcl9,Hla-Dqa1,Alox5ap,Hla-

Diseases and

2.19E-03-

Drb1,Mmp2,Sdc3,Cd74,Pde4b,Tnxb,Csf1r,Fos,Ccl7,Col6a3,Ly86,Fcer

Conditions

3.15E-02

1g,Cd14,Hla-C

Inflammatory

2.19E-03-

Egr1,Hla-Dqa1,Hla-Drb1,Alox5ap,Mmp2,Pde4b,Cd74,Tnxb,Hla-

Disease

3.15E-02

Dqb1,Fos,Ccl21,Fcer1g,Cd14

Hypersensitivit

2.27E-03-

y Response

2.06E-02

Ophthalmic

4.46E-03-

Disease

2.11E-02

Cxcl9,Ndrg1,Ccl7,Egr1,Fcer1g,Thy1

Ca4,Fbln1,Fbln2,Lyz,Csf1r
Abat,Ca4,Hla-Dqa1,Med21,HlaDrb1,Tnxb,Znf808,Kctd17,Tmsb4x,Ephb4,Aplnr,Ndrg1,Myom2,Egr1,A

Neurological

5.66E-03-

ctn2,Mlf1,Pde4b,Pfkm,Ivns1abp,Hla-Dqb1,Fos,Ppia (Includes

Disease

2.11E-02

Eg:268373),C2orf40,Ccl21,Sparc,Cd14

Connective
Tissue

5.78E-03-

Disorders

3.15E-02

Fos,Flna,Fcer1g,Alox5ap,Hla-Drb1,Mmp2,Tnxb

Injury and

8.43E-03-

Ifit3,Cxcl9,Ifi27,Abat,Ca4,Egr1,Mmp2,Sdc3,Pde4b,Csf1r,Abcb4,Ccl21,

Abnormalities

2.11E-02

Ifitm1,Cd14,Sparc,Klf2

Infection

9.37E-03-

Mechanism

3.15E-02

Auditory

1.06E-02-

Disease

2.45E-02

Developmental

1.06E-02-

Disorder

2.25E-02

Gastrointestina

1.06E-02-

l Disease

3.15E-02

Hematological

1.06E-02-

Disease

3.15E-02

Organismal

Cxcl9,Ifi27,Rsad2,Cd74,Thbd,Ifitm3,Isg15

Ccl21,Klf2

Flna,Rgs10,Fcer1g,Mmp2,Marcks

Abcb4,Cd14

Abcb4,Mmp2,Thbd,Csf1r

Hepatic
System

1.06E-02-

Disease

1.06E-02

Abcb4

Renal and
Urological

1.06E-02-

Disease

2.45E-02

Ndrg1,Fcer1g,Sparc

Respiratory

1.38E-02-

Abat,Egr1,Ca4,Hla-

Disease

2.45E-02

Drb1,Mmp2,Lyz,Pde4b,Cd63,Ccl7,Ccl21,Mgp,Cd14,Sparc,Fcgr3a

Antimicrobial

2.81E-02-

Response

2.81E-02

Ivns1abp,Ifi27l2,Hla-C

Categories reflect the disease or disorder to which the gene groupings are linked. Also
shown are P-values regarding the likelihood of these genes groupings based on chance
alone.

Appendix(S7(
(
Mouse Phospho-RTK Array Kit containing 39 different capture antibodies (#ARY014, R&D
Systems, Minneapolis, MN, USA)(
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Mouse Angiogenesis Array kit containing 53 different capture antibodies (#ARY015, R&D
Systems, Minneapolis, MN, USA)
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(*Continued) Mouse Angiogenesis Array kit containing 53 different capture antibodies
(#ARY015, R&D Systems, Minneapolis, MN, USA)
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Mouse XL Cytokine Array kit containing 111 different capture antibodies (#ARY028, R&D
Systems, Minneapolis, MN, USA)

(*Continued) Mouse XL Cytokine Array kit containing 111 different capture antibodies
(#ARY028, R&D Systems, Minneapolis, MN, US

(*Continued) Mouse XL Cytokine Array kit containing 111 different capture antibodies
(#ARY028, R&D Systems, Minneapolis, MN, US

