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loss to 

the external environment increasing internal heat storage. Work completed 

decreases and exertional heat illness risk increases. Heat acclimation (HA) 

programmes which last between 7 - 10 d improve heat tolerance by reducing 

rectal temperature (Tre) during exercise. Thermotolerance is also improved. These 

adaptations enable work to be maintained for longer periods of time. Exertional 

heat illness risk is also decreased. However, HA is not logistically feasible during 

rapid redeployment of military, athletic, occupational and emergency worker 

populations to hot environments. Therefore, developing an acute preconditioning 

trial to enhance heat tolerance and thermotolerance could be advantageous. 

This thesis first determined the effect of treadmill gradient (flat or downhill 

running) and environmental conditions (temperate; 20°C, 50 % relative humidity 

(RH) or hot conditions; 30°C, 50 % RH) on heat shock protein 72 mRNA (Hsp72 

mRNA), heat shock protein 90 alpha mRNA (Hsp90a mRNA), glucose regulated 

protein 78 mRNA, glucose regulate protein 94 mRNA, exercising Tre and HR. 

Study 2 investigated whether an acute trial combining downhill running and hot 

environmental conditions (Hot downhill) elevated basal HSP72 concentrations, 

attenuated exercising Tre, HR, vastus lateralis (VL) and leukocyte Hsp72 mRNA 

and Hsp90a mRNA responses during an identical trial 7 d later. 

Downhill running and hot environmental conditions increased leukocyte Hsp72 

mRNA, leukocyte Hsp90a. mRNA, exercising Tre and DOMS further than flat 

running and temperate environmental conditions. Increased Hsp72 mRNA and 

Hsp90a mRNA were mainly exercising Tre and metabolic strain dependent. 

Exercising Tre (at 30 min) and DOMS were reduced during or following the 

second hot downhill trial. Attenuated Hsp72 mRNA and Hsp90a. mRNA 

responses within the VL and leukocytes also occurred. Basal VL HSP72 increased 

after the second hot downhill trial. In conclusion, an acute hot downhill trial 

decreases exercising Tre and DOMS during an identical trial 7 d later but basal 

HSP72 concentrations are not affected. Leukocyte Hsp72 mRNA and Hsp90a 

mRNA are valid surrogates of the VL response. 

ii 



DECLARATION 

I declare that this thesis is my own unaided work. It is being submitted for the 

degree of 

Doctor of Philosophy at the University of Bedfordshire. 

It has not been submitted before for any degree or examination in any other 

University. 

Name of candidate: James Alexander Tuttle Signature: 

Date: 17/11/2014 

iii 



Contents 

Abstract ................................................................................................................... ii 

DECLARATION ................................................................................................... iii 

Acknowledgements ................................................................................................. v 

Conference presentations & research publications ................................................ vi 

List of Figures ....................................................................................................... vii 

List of tables ......................................................................................................... viii 

List of abbreviations, Acronyms and symbols ....................................................... ix 

Chapter 1 General Introduction............................................................................... I 

Chapter 2 Literature Review ................................................................................... 3 

2.1 Thermoregulation during exercise in hot environments ................................ 3 

2.2 Exertional heat illnesses ................................................................................ 5 

2.3 Thermoregulatory adaptations ....................................................................... 9 

2.4 Thermotolerance and the heat shock protein system ................................... 20 

2.5 Heat shock protein system response to exercise.......................................... 30 

2.6 Overall sun1mary ......................................................................................... 41 

Chapter 3 General methods ................................................................................... 42 

3.1 Participants and anthropometric data .......................................................... 42 

3.2 Experimental design .................................................................................... 42 

3.4 Molecular Physiology measurements & apparatus ..................................... 47 

3.5 Protein extraction and Western Blotting ..................................................... 52 

Chapter 4. Experiment l: Downhill running and exercise in hot environments 

increase leukocyte Hsp 72 mRNA and Hsp90a mRNA ....................................... 59 

Chapter 5. Experiment 2: A novel intervention to reduce physiological strain 
during exercise in a hot environment .................................................................... 80 

Chapter 6. Experiment 3: A novel intervention to attenuate the cellular stress 

response during exercise in a hot environment. .................................................... 97 

Chapter 7 General discussion and conclusions ................................................... 117 

Chapter 8 References .......................................................................................... 128 

Appendices .......................................................................................................... 153 

iv 



Acknowledgements 

Firstly I would like to thank my parents for their financial and personal support 

throughout the years. For their valuable contribution, continued support and 

guidance; many thanks to my supervisors Professor Mark Lewis, Dr Paul Castle 

and Dr Lee Taylor. Many thanks to Alan Metcalfe, James Barrington and Dr 

David Hughes for your help during data collection. Thank you to Professor 

Adrian Midgley for your valuable advice, to the orthopaedic surgeons and Mr 

Oliver Pearce in particular who obtained the muscle biopsies and to Dr James 

Morton, Dr Warren Gregson and Dr Jonathan Bartlett for demonstrating the 

muscle biopsy and western blotting techniques to us. Finally, a huge thank you to 

the participants who completed the studies within this thesis, especially those in 

study 2 who endured multiple muscle biopsies, I am incredibly grateful. 

V 



Conference presentations & research publications 

Taylor, L. Barrington, J. Hughes, D. Pearce, 0. Castle, P. Midgley, A. Lewis, 
M.P. Tuttle, J.A. Hyperthermic Downhill Running: A Method To Induce In Vivo 
Conferred Cellular Tolerance? ACSM Annual Conference 2013, Indianapolis, 
USA. 

Tuttle, J.A. Barrington, J.H. Hughes, D.C. Pearce, 0. Castle, P.C. Lewis, M.P. 
Taylor. L. Monitoring adaptation to heat stress: Can Hsp72 expression in 
leukocytes be a surrogate measure for changes in skeletal muscle? ECSS Annual 
conference 2013. Barcelona, Spain. 

Tuttle, J.A. Barrington, J.H. Hughes, D.C. Pearce, 0. Castle, P.C. Lewis, M.P. 
Taylor, L. Monitoring thennotolerance: Are Hsp90a and Grp78 markers of an 
attenuated cellular stress response in human skeletal muscle? AS PET AR 2014 
Doha, Qatar. Abstract awarded accommodation grant. 

Tuttle, J.A. Taylor. L. Castle, P.C. Metcalfe, A. Midgley, A. Lewis, M.P. (2014). 
Combining exercise in the heat and downhill running maximises the leukocyte 
Hsp72 and Hsp90a gene transcript response. Journal of Applied Physiology. 
Manuscript in review. 

Author contributions 

I. Study presented in chapter 4 where J.A. Tuttle was study leader. 
Physiological data collected by J.A. Tuttle and A.J. Metcalfe. Biological 
sample collection and RT-QPCR data by J.A. Tuttle. Venous blood 
sampling by P.C.Castle and L.Taylor. Statistical analysis by J.A.Tuttle. 

2. Study presented in chapter 5 where J.A. Tuttle was study leader. 
Physiological data collection by J.A.Tuttle, J.H.Barrington and 
A.J .Metcalfe. Statistical analysis by J.A. Tuttle. 

3. Study presented in chapter 6 where J.A. Tuttle was study leader. Muscle 
biopsy collection O.Pearce, C.Kabir, F.Rayanmarakar, S.AI-Ali, J. 
Alsousou. G. Sheshapanavar, C. Thakar, D. Rolton. Venous blood sample 
collection P.C.Castle and L.Taylor. Blood and muscle sample processing 
J.A.Tuttle and D.C.Hughes. RNA and protein extraction J.A.Tuttle. RT
QPCR and Western Blotting J.A.Tuttle. Statistical analysis by J.A.Tuttle. 

VI 



List of Figures 

Chapter 2: Literature Review 

2.1 Classical and immune pathways of exertional heat stroke 

Chapter 3 General methods 

3.1 Vastus lateralis Beta 2-microglobulin raw Cr Values 
3.2 Leukocyte Beta 2-microglobulin raw CT Values 
3.3 Coomassie blue stain showing protein separation following SDS-PAGE. 
3.4 Schematic illustration of the transfer procedure. 
3.5 Ponceau-S stain 
3.6 Protein concentrations optimisation experiment. 
3.7 Vastus lateralis GAPDH protein concentrations 

Chapter 4: Downhill running and exercise in hot environments increase 
leukocyte Hsp72 mRNA and Hsp90a mRNA 

4.1 Experimental design 
4.2 Perceived muscle soreness (visual analog scale of pain) 
4.3 Quadriceps tenderness 
4.4 Rectal temperature 
4.5 Leukocyte Hsp72 mRNA 
4.6 Leukocyte Hsp90a mRNA 
4.7 Leukocyte Grp78 mRNA 
4.8 Leukocyte Grp94 mRNA 

Chapter 5: Experiment 2: A novel intervention to reduce physiological strain 
during exercise in a hot environment. 

5. I Experimental design 
5.2 Rectal temperature 
5.3 Heart rate 
5.4 Plasma volume 
5.5 Visual analog scale of pain 
5.6 Quadriceps tenderness 

Chapter 6: Experiment 3: A novel intervention to attenuate the cellular stress 
response during exercise in a hot environment. 

6.1 Experimental design 
6.2 Vastus lateralis Hsp72 mRNA 
6.3 Vastus lateralis Hsp90a. mRNA 
6.4 Vastus lateralis Grp78 mRNA 
6.5 Vastus lateralis Grp94 mRNA 
6.6 Leukocyte Hsp72 mRNA 
6.7 Leukocyte Hsp90a mRNA 
6.8A Leukocyte Grp78 mRNA 
6.88 Leukocyte Grp94 mRNA 
6.9 HSP72 protein concentrations 
6.10 Example HSP72 Western blots 

vii 



List of tables 

Chapter 2: Literature Review 

2.1 Intracellular Hsp72 mRNA and HSP72 response to acute submaximal 
exercise 

2.2 Intracellular Hsp 72 mRNA and HSP72 responses to exercise induced 
muscle damage 

2.3 Intracellular Hsp72 mRNA and HSP72 response to acute exertional 
heat stress 

2.4 Tissue specific response of the heat shock protein system to exercise 
induced stressors 

Chapter 3: General Methods 

3.1 Graded treadmill test coefficient of variation 
3.2 Primer sequences. 
3.3 Protein lysis buffer ingredients. 
3.4 SOS-PAGE reagents. 
3.5 Western blotting buffer and antibody dilution ingredients. 

Chapter 4: Experiment 1: Downhill running and exercise in hot 
environments increase leukocyte Hsp 72 mRNA and Hsp90a mRNA 

4.1 Participant demographic characteristics 
4.2 Physiological and perceptual responses 

Chapter 5: Experiment 2: A novel intervention to reduce physiological strain 
during exercise in a hot environment. 

5.1 Participant demographic characteristics 
5.2 Physiological and perceptual responses 

Chapter 6: Experiment 3: A novel intervention to attenuate the cellular stress 
response during exercise in a hot environment. 

6.1 Participant demographic characteristics 



List of abbreviations, Acronyms and symbols 

~2M; Beta-2 microglobulin; B[Glu], Blood glucose concentrations; B[La], Blood 

lactate concentrations; BY, Blood volume; ca2+, Calcium ions; DNA, 

Deoxyribonucleic acid; DOMS, Delayed onset muscle soreness; EIMD, Exercise 

induced muscle damage; ER, Endoplasmic reticulum; ERK, Extracellular 

regulated kinase; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; Grp78 

mRNA, Glucose regulated protein 78 mRNA; GRP78, Glucose regulated protein 

78 protein; Grp94 mRNA, Glucose regulated protein 94 mRNA; GRP94, Glucose 

regulated protein 94 protein; HA, Heat acclimation; Hb, Haemoglobin; Hct, 

Haematocrit; HR, Heart rate, HSE, Heat shock element; HSF-1, Heat shock factor 

- I; Hsp, Heat Shock Protein mRNA; HSP, Heat shock protein; Hsp72 mRNA, 

Heat shock protein 72 mRNA; HSP72, Heat shock protein 72; Hsp90a. mRNA, 

Heat shock protein 90 alpha mRNA; HSP90a, Heat shock protein 90 alpha; 

i[Ca2+], Intracellular calcium ion concentration; IL-1 ~, Interleukin-I~; IL-6, 

Interleukin-6; IL-10, Interleukin- IO; IRE 1-a., lnositol requiring protein - 1 a; 

JNK, c-Jun N-terminal kinases; LPS, Liposaccharide; LT, Lactate threshold; 

mRNA, Messenger ribonucleic acid; MTU, Muscle-tendon unit; PBMC, 

Peripheral blood mononuclear cells; PBS, Phosphate buffered saline; PERK, 

Protein like RNA-like ER kinase; PY, Plasma volume; RH, Relative humidity; 

RNAPII, RNA polymerase II; RT-QPCR, Real time-quantitative polymerase 

chain reaction; SIRS, Systemic inflammatory response syndrome; SR, Sweat rate; 

SY, Stroke volume; Tre, Rectal temperature; Tsk, Skin temperature; UPR, 

Unfolded protein response; VAS, visual analogue scale of pain; VO2, Oxygen 

uptake; VO2mu.,, Maximal oxygen uptake; VL, Yastus lateralis; WB, Western 

blotting; XBP-1, X-Box binding protein- I. 

ix 



Chapter 1 General Introduction 

1.1 General introduction 

Metabolic demands are elevated during exercise to sustain the increased muscular 

activity elevating heat production (Gonzalez-Alonso 2012). During steady state 

exercise in temperate environments small core temperature increases occur (~ 1 

0 C) because heat produced is primarily dissipated to the environment with only a 

small amount of heat stored (Nybo and Nielsen 2001). However, the temperature 

gradient between the core, skin and the environment for heat dissipation decreases 

during both running and cycling in hot environments increasing heat storage and 

thus core temperature increases (2 - 3 °C) (Nybo and Nielsen 2001; Wendt et al. 

2007; Ruell et al. 2014). Dehydration can also occur via an increased sweat rate 

(Wendt et al. 2007). Elevated body temperature (and associated dehydration) 

attenuates work capacity via reductions in physical performance (Cheuvront et al. 

201 O; Sawka et al. 2012) leading to early fatigue and termination of activity 

(Galloway and Maughan 1997; Ely et al. 2010). Occupational performance also 

deteriorates (Taylor 2014 ). The increased cardiovascular strain induced via 

elevated body temperatures and dehydration also increases the risk of exertional 

heat illnesses (Leon and Kenefick 2012). These illnesses range from heat 

exhaustion which causes termination of exercise and occupational activities, to 

heat injuries and heat stroke in which multi-organ failure and/or death can occur 

(Sawka et al. 201 I). Consequently, strategies to reduce body temperature during 

exercise heat stress/ occupational activities are important to maintain work 

capacity and attenuate exertional heat illness risk. 

Heat acclimation programmes increase heat storage capacity (decreased exercise/ 

work core temperature) and increase the ability for heat dissipation (via increased 

plasma volume, skin blood flow and sweat rate) reducing body temperature and 

cardiovascular strain during exercise heat stress and occupational activities 

(Taylor 2006). These adaptations enhance exercise performance and increase the 

duration and intensity of exercise that can be maintained prior to fatigue or 



exertional heat illnesses which are core temperature dependent (Lee et al. 2006). 

However, athletes, military personnel and occupational workers often need to 

rapidly relocate to hot environments. In these situations there is not enough time 

to heat acclimate. To overcome this problem acute interventions which attenuate 

exercising core temperature have been utilised. Internal pre cooling (Siegel et al. 

20 l 0) and acetaminophen ingestion (Mauger et al. 2014) increase the exercising 

Trc that can be tolerated prior to fatigue and thus could increase exertional heat 

illness risk. External pre cooling lacks ecological validity (Siegel and Laursen 

2012) while the ergogenic effect of glycerol hyperhydration is equivocal (Nelson 

and Robergs 2007). These issues preclude the effective and safe use of these 

interventions. Therefore, developing an acute preconditioning strategy to reduce 

exercising Tre via an exercise based intervention is warranted. 

Heat acclimation also elevates basal HSP72 concentrations (McClung et al. 2008) 

which enhances therrnotolerance by increasing cell survival following thermal 

stressors in vitro (Mosser et al. 1997) and prolonging whole body survival time 

fo IIowing heat stroke within in vivo rodent models (Yang et al. I 998). Elevated 

HSP72 concentrations have been demonstrated following exercise (in leukocytes 

(Shin et al. 2004) and skeletal muscle (Morton et al. 2006)), exercise induced 

muscle damage (EIMD) (skeletal muscle (Paulsen et al. 2007)) and exercise heat 

stress (leukocytes (Fehrenbach et al. 200 I)). However, methodological differences 

between these studies ensure it is unclear which stressor maximally elevates 

HSP72. Other HSPs such as heat shock protein 90a mRNA (Hsp90a mRNA) 

glucose regulated protein 78 mRNA (Grp78 mRNA) and glucose regulated 

protein 94 mRNA (Grp94 mRNA) could have important roles as biomarkers of 

thermotolerance. However, knowledge of the response of these HSPs within 

humans is limited or has not been investigated (Noble et al. 2008). 

Hence in chapter 2 (literature review) the thermoregulatory and molecular 

adaptations which enhance heat tolerance and thermotolerance will be discussed 

to determine a potential exercise based acute preconditioning intervention which 

could attenuate exercising rectal temperature (Trc) and elevate basal HSP72. 
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Evidence regarding the role of the HSP system as biomarkers of thermotolerance 

will also be discussed. 

Chapter 2 Literature Review 

2.1 Thermoregulation during exercise in hot environments 

Heat is produced within cells via conversion of metabolic energy into mechanical 

and thermal energy (30 - 70 % of metabolic energy dissipated as thennal energy) 

(Gonzalez-Alonso 2012). Therefore, constant heat dissipation is required to 

maintain thermal homeostasis (Cheung et al. 2000). Heat production by 

contracting muscle increases rapidly at the commencement of exercise (Gonzalez

Alonso 2012). To promote heat loss and restore heat balance the heat dissipating 

responses of sweating and increased skin blood flow are elicited as core and skin 

temperatures increase (Nybo et al. 2014). In hot environments skin temperature is 

elevated proportionally to ambient temperature (Nybo et al. 2014) reducing the 

gradient between the core, the periphery and body and the environment (Cheung 

et al. 2000). Hence when metabolic heat production exceeds the capacity for heat 

loss (when exercise intensity or environmental temperature and humidity are high) 

core temperature increases in an uncompensable manner. This increased 

thermoregulatory burden increases perceived fatigue. Aerobic exercise 

performance in hot compared to temperate environments is also decreased (Nybo 

et al. 2014) as evidenced by exhaustion occurring earlier (Nybo and Nielsen 2001) 

and time trial performance during endurance cycling decreasing (Tatterson 2000). 

Skin blood flow requirements increase as the core to skin temperature gradient 

reduces (Cheuvront et al. 2010). This displacement of blood to the periphery 

increases cardiovascular strain via reductions in cardiac filling and cardiac output 

reducing maximal aerobic capacity (V02max) (Cheuvront et al. 2010). High core 

temperature also reduces cardiac filling vi.a tachycardia when sympathetic activity 

is high or by direct temperature effects on heart rate (Cheuvront et al. 20 I 0). The 

VO:max reduction increases relative exercise intensity making it more difficult to 

maintain the same work capacity during constant rate exercise (Ely et al. 2010). 

3 



This results in earlier fatigue during time to exhaustion protocols (Galloway and 

Maughan 1997) or requires a slowing of self paced exercise (time trial) to achieve 

a similar sensation of effort (Tatterson 2000). 

Increased core temperature, cardiovascular strain, ventilation rate and peripheral 

afferent feedback also appear to induce central fatigue via a reduction in motor 

activation (Nybo et al. 2014). This appears to occur via reductions in cerebral 

blood flow caused by a hyperventilation mediated reduction in PaCO2 and 

increased cardiovascular strain decreasing oxygen tension in astrocytes and 

neurons (Nybo et al. 2014). Increased brain temperature (indirectly measured via 

jugular venous blood temperature) also appears to directly induce reflex signals 

from hypothalamus which are associated with increased perceived exertion and 

slowing of exercise pace (Nybo and Secher 2004). This inhibitory effect was 

verified via exercise induced core temperature increases which attenuated 

integrated electromyography signal and force output during sustained maximal 

voluntary contractions (Nybo and Nielsen 2001 ). While force production was 

progressively inhibited as core temperature increased to 40 °C before being 

restored as participants core temperature were reduced to 38 °C (Thomas et al. 

2006). During dynamic exercise in hot environments these responses appear to be 

manifested via a decreased neural drive which reduces power output as core 

temperature increases (Tucker et al. 2004). Changes in dopaminergic 

neurotransmitter activity could explain these performance decrements as 

inhibition of dopamine reuptake enhances exercise performance and increases 

exercising Treat fatigue (Roelands et al. 2008). Although anaerobic metabolism is 

increased during endurance exercise within hot compared to temperate 

environmental conditions during cycling (Febbraio et al. 1994) it does not appear 

to be a factor contributing to fatigue, at least within steady state endurance cycling 

exercise (Gonzalez-Alonso et al. 1999) or during occupational work (Brake and 

Bates 2001 ). 

In hot environments maximal intensity exercise is primarily limited by 

cardiovascular limitations to maintain oxygen delivery to active skeletal muscle 

whilst maintaining adequate heat dissipation (Nybo et al. 2014). During 
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submaximal exercise central fatigue mediated by dopaminergic neurotransmitter 

activity (Meeusen and Roelands 2010) and elevated core, skin and muscle 

temperatures limits performance. Therefore, reducing exercising Tre, skin 

temperature and HR during subsequent exercise heat stress is a requirement of an 

acute preconditioning intervention to enhance performance in hot environments. 

2.2 Exertional heat illnesses 

Exercise heat stress predisposes participants to exertional heat illnesses (Leon and 

Kenefick 2012). Mild to moderate illnesses such as heat exhaustion and heat 

cramps are characterised by an inability to sustain cardiac output with a moderate 

(above 38.5 °C) to high (above 40 °C) body temperature, frequently accompanied 

by hot skin and dehydration (Sawka et al. 2011 ). Heat injury is a moderate to 

severe illness characterised by organ (such as liver and renal) and tissue (such as 

gut & muscle) injury associated with elevated body temperature (usually but not 

always above 40 °C) (Sawka et al. 2011). Exertional heat stroke is a severe illness 

characterised by profound central nervous system dysfunction, organ (liver and 

renal) and tissue (gut and muscle) injury from increased body temperature (Sawka 

etal.2011). 

A classical heat driven pathway and an immune pathway contribute to the 

pathological changes present during exercise heat stress induced heat injury and 

heat stroke (Sawka et al. 2011 ). The classical pathway occurs when exercise heat 

stress increases skeletal muscle and skin blood flow requirements to sustain 

metabolic demand, transfer heat to the periphery and to allow heat dissipation to 

the environment, elevating cardiovascular strain (Epstein and Roberts 2011 ). An 

increased cardiac output initially achieves these increased blood flow demands 

(Epstein and Roberts 2011). However, when heat stress transitions beyond this 

compensable phase central venous pressure decreases inducing hypotension 

(Epstein and Roberts 2011 ). The ability to transfer heat decreases (Epstein and 

Roberts 2011) as reductions in skin blood flow occur elevating the rate of heat 

storage and resulting in cells becoming heated above 40 °C. Elevated body 

temperature and hypotension result in an acute neurological phase where 
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decreases in cerebral blood flow and elevated brain temperature can result in 

collapse and central nervous system dysfunction (Epstein et al. 2012). Heat 

induced damage to cells also occurs via increased protein denaturation and 

apoptosis (Epstein et al. 2012). Underlying illness (Sawka et al. 2011) and a 

muscle defect which predisposes to elevated heat production (Rae et al. 2008) also 

appear to have a role in exertional heat illness pathophysiology. 

The immune pathway involves granulocytes (neutrophils, basophils and 

eosinophils) and peripheral blood mononuclear cells (monocytes, macrophages 

and lymphocytes). Beta-adrenergic and lipopolysaccharide (LPS) mediated 

activation of cytokine production within immune cells increases following 

exercise heat stress (Rhind et al. 2004; Selkirk et al. 2008). Concurrently, the 

elevated cardiovascular strain reduces gastrointestinal blood flow inducing 

gastrointestinal hypoxia the opening of gastrointestinal tight junctions and LPS 

leakage into the portal circulation where it is neutralised by the liver, monocytes 

and macrophages (reticuloendothelial system) (Lim et al. 2007). If the 

reticuloendothelial system and anti LPS antibodies defences are overwhelmed 

LPS concentrations will increase within the systemic circulation (Walsh and 

Oliver 2013) where it binds to its receptor complex toll like receptor 4 on 

neutrophils (Asehnoune et al. 2004) and monocytes (Selkirk et al. 2008) 

activating pathways which induce cytokines including interleukin-I j3 (IL-113), 

interleukin-6 (IL-6) and tumor necrosis factor-a. 

A haemorrhage and enzymatic phase begins 24 - 36 hours after the acute 

neurological phase (Epstein et al. 2012) and is triggered by heat induced damage 

to the vasculature and skeletal muscle. Vascular endothelium damage leads to 

tissue factor release and blood trauma (Sawka et al. 2011). Tissue factor 

expression is also elevated by LPS and cytokine mediated pathways on monocytes 

and vascular endothelial cells (Sawka et al. 2011 ). Elevated tissue factor 

expression and blood trauma causes fibrin deposition, platelet aggregation 

(microvascular thrombosis) and blood vessel occlusion decreasing organ blood 

supply (Leon and Kenefick 2012). Rapid consumption of platelets exceeding the 

rate of production ( consumptive coagulation) by this process results in excess 
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blood loss leading to conjunctiva!, skin, pulmonary and central nervous system 

haemorrhages (Sawka et al. 2011 ). This leads to organ failure and severe 

neurological impainnent within the central nervous system (Sawka et al. 2011). 

Heat induced damage to skeletal muscle occurs due to increased muscle metabolic 

heat production decreasing A TP concentrations, which impairs Ca2+ pump 

function on the sarcoplasmic reticulum (Sawka et al. 2011 ). These elevated 

intracellular Ca2+ concentrations, activate Ca2+ dependent proteases and 

phospholipases leading to destruction of myofibrillar, cytoskeletal and membrane 

proteins (Bosch et al. 2009) and eventually apoptosis (Sawka et al. 2011 ). The 

resultant leakage of muscle cell contents into the systemic circulation and 

extracellular fluid is known as rhabdomyolysis (Sawka et al. 2011). Myoglobin 

released from damaged muscle cells is filtered and metabolised by kidneys 

(Sawka et al. 2011). However, when myoglobin concentrations exceed a renal 

threshold, uric acid overproduction leads to precipitates fanning in kidney tubules 

(Sawka et al. 2011 ). Myoglobin also directly causes oxidative stress mediated 

damage to the kidney tubules and ischemia induced damage via renal 

vasoconstriction (Bosch et al. 2009). These toxic effects have a role in the late 

phase disturbances which lead to acute renal failure which can result in death 

(Epstein et al. 2012). Liver damage also occurs in this late phase (24 - 48 hrs after 

heat stroke) as a consequence of direct heat damage (hepatic venous blood is 1.5 

°C above core temperature) and attenuated liver perfusion induced by the 

increased cardiovascular strain (Sawka et al. 20 l l ). 

Skeletal muscle therefore, has a clear contribution to the pathophysiology of heat 

injury and heat stroke via rhabdomyolysis (Sawka et al. 2011) and cytokine 

production (Welc et al. 2013) which appear to have a roles in acute renal failure 

and systemic coagulation respectively. Meanwhile leukocytes appear to contribute 

via f)-adrenergic and LPS (Selkirk et al. 2008) mediated cytokine production. Heat 

shock proteins attenuate protein denaturation (Kampinga et al. 1995), apoptosis 

(Arya et al. 2007) and maintain skeletal muscle Ca2+ homeostasis (Tupling et al. 

2008), factors associated with rhahdomyolysis. Cytokine production is also 

attenuated in vitro within human monocytes during LPS stimulation when HSP70 
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is overexpressed (Ding et al. 2001 ). Therefore, it could be useful to measure the 

Hsp mRNA and protein response within both tissues. 

However, evidence for the involvement of the immune response and in particular 

endotoxemia within heat stroke is contradictory. Rodent based models appear to 

suggest important roles for cytokinemia with injection of cytokines inducing 

symptoms of heat stroke (Lin 1997) and experimentally induced inflammation 

attenuating heat stroke survival (Lim et al. 2007). Further, heat stressed animals 

infused with lL-1 receptor antagonists showed enhanced survival (Chiu et al. 

1996). These rodent models used passive heating and anaesthesia which effects 

thermoregulatory control and increases cytokine production (Leon 2007). These 

factors along with differences in rodent physiology (compared to humans) 

(Randall et al. 2002) unsurprisingly make transfer of these findings to human 

models limited, with little evidence correlating LPS or cytokines changes to 

exertional heat stroke cases (Bouchama et al. 199 l ). Limited experimental 

controls, delayed admittance to hospital for blood sampling, short protein half

lifes, local tissue concentrations exceeding systemic concentrations and the 

presence of soluble cytokine receptors which mask detection or alter cytokine 

action within human clinical studies also contribute (Leon and Kenefick 2012). 

Further, contradictory evidence suggests IL-6 neutralisation has no effect on heat 

stroke incidence (Leon 2007). Indeed heat stroke mediated cytokinaemia may be 

involved within the recovery process (Leon 2006). For example, IL-6 enhances 

the survival of human cells following in vitro heat shock (Hershko et al. 2003) 

potentially by attenuating protein synthesis (Haddad et al. 2005) and activating 

ubiquitin mediated proteolysis (Bodell et al. 2009) preventing apoptosis induced 

by the accumulation of degraded proteins (Pan et al. 2011). 

The equivocal data regarding cytokinemia within the pathophysiology of 

exertional heat illnesses therefore, suggests HSP72 mediated thermotolerance is of 

most relevance v,:ithin skeletal muscle. The proposed contribution of leukocytes is 

mainly via cytokine production whose role within exertional heat illness is yet to 

be confirmed experimentally \:Vithin humans. Therefore, the leukocyte Hsp mRNA 

response will be investigated in the thesis to ascertain whether it is an easily 
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accessible surrogate measure for changes within skeletal muscle where 

thermotolerance is more valid. 

Classical pathway Immune pathway 

r---------tExercist & heat strrssi--------, 

t muscle blood flow t skin blood flow .j. gastrointestinal blood Dow 

Gastrointestinal tissue hypoxia 

Endotoxl11 lealulge 

~ 
RES & antl-LPS lg overn·hd,ued 

t 
Monoey1a/ Mac:roplu1ges activation 

... & lnlluctioll ofTI.R-4& NF-ICB ..... signalling 
.................. 

Multi Organ failure • - - - ,-(-_'yto_kl_ln_e_ln_dadlo_.._n_eg.-11/4_1_1.-_llJ..,. 

, TNF-a (JlYnlCfflS) 
Exertional heat st.roke ,.. .. , ------------

Figure 2.1 Classical and immune pathways of exertional heat stroke. Adapted from (Walsh et al. 
2011). l (decrease), i (increase),> (above), lg (lmmunoglobulins), IL-IP (Interleukin-IP), IL-6 
(lnterleukin-6), LPS (lipopolysaccarides), RES (reticuloendothelial system), TLR-4 (Toll like 
receptor-4), TNF-a (Tumor necrosis factor - alpha). 

The key heat induced cellular changes which lead to exertional heat illnesses are 

increased protein denaturation and apoptosis (Sawka et al. 201 I). During exercise 

heat stress, protein denaturation (Mestre-Alfaro et al. 2012) and apoptosis (Selkirk 

et al. 2009) appear to be exercising Trc dependent. Elevated HSP72 concentrations 

attenuate protein denaturation (Kampinga et al. 1995) and apoptosis (Mosser et al. 

1997) within human cells during in vitro heat shock. Indeed within rodent heat 

stroke models both Trc reductions (Lee et al. 2006) and elevated basal HSP72 

(Yang et al. I 998) concentrations attenuate exertional heat illness severity. These 

studies suggest that attenuating exercising Tre along with elevated basal HSP72 

would reduce exertional heat illness risk. Potential strategies to accomplish these 

aims within an acute experimental trial will be discussed within sections 2.3 - 2.5. 

2.3 Thermoregulatory adaptations 

2.31 Heat acclimation 

Heat acclimation programmes are undertaken to improve exercise and 

occupational performance and reduce exertional heat illness risk in hot 
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environments (Sawka et al. 2011 ). Programmes involve exercising at the same 

absolute intensity (constant work rate) or exercise maintained at a set core 

temperature (controlled hyperthermia) for 3 - 5 d (short term) or 6 - I O d (long 

term) heat acclimation (Taylor 2000). Programmes lower exercising Tre and HR 

during steady state exercise completed at the same absolute intensity within the 

same environmental conditions (Castle et al. 2011). This reduction in 

physiological strain occurs via an increased sweat rate (enhanced evaporative heat 

loss) caused by an increased sweat gland size and increased sensitivity of 

muscarnic receptors to acetylcholine release from post ganglionic neurons (Taylor 

2014). Plasma volume expansion also occurs (Patterson et al. 2014) inducing 

earlier skin blood flow increases improving heat dissipation via evaporative and 

non evaporative means (Taylor 2014). Resting core temperature reductions 

expand heat storage capacity although this adaptation does not occur during short 

term heat acclimation (STHA) ( Garrett et al. 2009; Garrett et al. 2011 ). The 

reduced thermoregulatory and cardiovascular strain via enhanced heat dissipation 

and increased heat storage capacity induces Tre reductions of 0.2 °C - 0.4 °C and 

exercising HR of 9 - 18 beats.min· 1 during STHA which begin to occur within 3 d 

(Marshall et al. 2007; Garrett et al. 2009; Castle et al. 2011). Exercising Tre 

reductions of 0.4 °C - 0.6 °C and HR reductions of 8 - 25 beat.min-1 occur during 

long term heat acclimation (LTHA) (Febbraio et al. 1994; Lorenzo et al. 20 I O; 

Castle et al. 20 I I). 

These adaptations enhance work capacity with time to exhaustion increased 

following STHA (Garrett et al. 2009), suggesting an increased exercise or work 

duration and intensity can be maintained prior to fatigue and exertional heat 

illnesses occurring. Exercise performance is also enhanced with decreased time 

trial completion time following STHA (Garrett et al. 2012) and LTHA (Lorenzo 

et al. 2010) with a recent study demonstrating that cycling time trial performance 

was restored close to perfonnances seen within temperate conditions (Racinais et 

al. 2014). 

The reduced exercising Tr, during exercise at a set absolute exercise intensity 

could reduce cxertional heat illness risk as observed within rodent models (Lee et 
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al. 2006). This is yet to be experimentally verified within controlled human 

studies because it is unethical to induce exertional heat illnesses in humans. 

However, human studies conducted within field settings suggest that exertional 

heat illness symptoms appear more predominant when participants have higher 

exercising core temperatures (Ruell et al. 2006; Ruell et al. 2007). Caution should 

be taken when interpreting the results of these field studies due to the limited 

experimental controls that can be implemented. 

Therefore, lowering exercising Tre could attenuate exertional heat illness risk. 

Unfortunately, exercising Tre reductions appear to require at least 3 d to occur 

(Marshall et al. 2007; Costa et al. 2014) when repeated trials of exercise heat 

stress are used to induce heat acclimation. Hence acute interventions have been 

utilised to reduce thermal strain when athletes, military and occupational 

personnel do not have time to heat acclimate. 

2.32 Existing acute interventions to reduce thermal strain 

Glycerol hyperhydration 

Glycerol ingestion has been utilised to elevate the extravascular - intravascular 

osmotic gradient and increase the kidney medullary concentration gradient to 

increase water reabsorption, total body water and increase plasma volume (Nelson 

and Robergs 2007). This plasma volume expansion is suggested to reduce 

cardiovascular strain (Lyons et al. 1990; Anderson et al. 2001) enabling heat 

dissipation to be maintained via an increased cutaneous blood flow (Anderson et 

al. 200 I) and sweat rate (Lyons et al. 1990) attenuating exercising Tre increases 

and increasing W'Ork completed. These attenuated Tre and HR increases occurred 

with continued hydration during exercise and thus it is unclear whether pre 

exercise glycerol hyperhydration per se attenuated thermal strain. These findings 

have been contradicted by a number of other studies (Montner et al. 1996; 

Hitchins et al. 1999) which utilised time trial protocols and therefore, 

unsurprisingly found no reduction in Tre or HR and thus do not aid the argument 

for or against the thennoregulatory benefits of glycerol hyperhydration. Although, 

work capacity (Hitchins et aL 1999) and exercise time trial performance are also 
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improved (Montner et al. 1996). The short term effect of glycerol on 

hyperhydration (lasts 4 hrs) (Riedesel et al. 1987), and potential side effects which 

include nausea, sensation of stomach fullness, light headedness, headaches and 

vomiting (Nelson and Robergs 2007) preclude the use of glycerol hyperhydration 

for lowering exercising Tre in applied settings. 

External pre cooling 

External pre cooling technique such as cold water immersion have been utilised to 

lower pre exercise Tre and reduce exercising skin temperature expanding heat 

storage capacity (Booth et al. l 997). This pre cooling effect has been 

demonstrated to enhance exercise performance following 20 - 60 min of cold 

water immersion (Booth et al. 1997; Duffield et al. 20 I 0). Despite this robust 

ergogenic effect, a number of issues preclude the use of cold water immersion in 

field settings. Primarily the need to access large amounts of cold water (up to 800 

1 (Kay et al. 1999)), requirement of a water cooler (dependent on electricity) to 

cool any warm running water and the long period of time required to reduce body 

temperature (20 - 60 min) (Booth et al. 1997; Duffield et al. 2010). The time lost 

pre cooling would also decrease work productivity in occupational settings. 

Further, the pre cooling effect on exercising Tre predominantly occurs early during 

exercise/ work for example between O - 15 min (Duffield et al. 20 I 0) and 15 - 25 

min (Kay et al. 1999). Consequently, end exercising Trc were similar between cold 

water immersion and control trials at the end of exercise (Kay et al. 1999; 

Duffield et al. 2010). Further, a reduction in plasma volume is reduced following 

cold water immersion (Young et al. 1989; Gordon et al. 2003) mediated via 

vasoconstriction and subsequent increases in central blood volume, hydrostatic 

pressure and diuresis (Stocks et al. 2004) occur. As plasma volume reductions 

induce greater exercising Tre responses (Sawka et al. 1985), cold water immersion 

could attenuate heat dissipation during exercise beyond 30 min when the 

enhanced heat storage capacity has been used (Kay et al. 1999; Duffield et al. 

20 I 0). These issues therefore, could preclude the use of cold water immersion as 

an acute preconditioning strategy to reduce exercising Tre within an applied 

setting. 
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Internal precooling 

Internal pre cooling methods including ice slurry ingestion and acetaminophen 

ingestion have been investigated to overcome the attenuated heat dissipation and 

logistical issues associated with external pre cooling and glycerol hyperhydration 

respectively (Siegel et al. 2012). Ice slurry ingestion improves exercise 

performance with a cycling time trial completed faster (Ihsan et al. 2010) and an 

increased time to exhaustion at a set absolute exercise intensity (Siegel et al.201 O; 

Siegel et al. 2012). Further exercising Trc was reduced until 30 min (Siegel et al. 

2010) and 40 min (Siegel et al. 2012) of exercise respectively. Higher Tre were 

observed at fatigue (Siegel et al. 201 O; Siegel et al. 2012). This is proposed to 

occur via cooling of blood flowing to the brain via the carotid arteries which flow 

close to the oesophagus or via afferent feedback from internal thermoreceptors in 

the mouth, oesophagus and stomach regions reducing perceived thermal strain and 

therefore, allowing a higher Tre to be achieved (Siegel et al. 2012). Both 

mechanisms have yet to be experimentally verified. The higher Tre which are 

achieved (Siegel et al. 20 I O; Siegel et al. 2012) could result in greater likelihood 

of thermal damage to other heat sensitive organs (and central nervous system 

dysfunction if no reduction in brain temperature occurs) thus increasing exertional 

heat illness risk. 

Acetaminophen ingestion 

Acetaminophen ingestion has been suggested to have an antipyretic effect within 

non fever conditions (Li et al. 2008) which could reduce Tre prior to exercise 

commencement or lower the rate of Tre increase during exercise heat stress. A 

single exercise based study has measured the effect of acetaminophen on 

exercising Tre appearing to show a pre cooling effect prior to a similar rate of Tre 

increase compared to placebo (Mauger et al. 2014). Unfortunately this study did 

not measure Tre between acetaminophen ingestion and commencement of exercise 

and therefore, it is unclear whether a pre cooling effect occurred or whether 

participants commenced with different Tre prior to each experimental trials. 

Acetaminophen also had no effect on exercising Tre during steady state exercise 

(Coombs et al. 2014 ). Hence the ability of acetaminophen to lower exercising Tre 
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1s presently unclear. Acetaminophen prolonged time to exhaustion with an 

increased Tre at fatigue, although this appears to be due to its analgesic effects 

(Mauger et al. 2014). Hence although exercise performance in hot environments 

was enhanced the higher end exercise core temperature could increase exertional 

heat illness risk. 

As previously discussed, HSP72 mediated thermotolerance is an important 

adaptation acquired during the heat acclimation process within human leukocytes 

(McClung et al. 2008) and is crucial for reducing exertional heat illness severity in 

rodent models (Lee et al. 2006). However, these acute interventions (external and 

internal precooling, and glycerol hyperhydration) are unlikely to induce HSP72 

increases prior to exercise or occupational heat stress commencing. This along 

with the previously mentioned logistical issues precludes the effective and safe 

use of these interventions. Therefore, development of an acute exercise based 

preconditioning strategy which elevates basal HSP72 concentrations and reduces 

exercising Tre during subsequent exercise heat stress is warranted. 

2.33 Potential physiological strategies to include within an acute preconditioning 

trial to lower thermal strain during subsequent exercise in the heat 

A single well designed study demonstrated an acute exercise heat stress trial did 

not attenuate exercising Tre 7 d later (Barnett and Maughan 1993). In contrast 7 d 

later exercising Tre reductions were demonstrated following an acute 

preconditioning trial exercising in 28 °C, 50 % RH (Fehrenbach et al. 2001). 

However, exercise was allowed between experimental trials which could have 

contributed to the Tre reductions observed. Indeed exercising Tre reductions appear 

to require at least 3 d of exercise heat stress based thermal impulses (Marshall et 

al. 2007; Costa et al. 2014). Therefore, additional stressors are required within an 

acute preconditioning trial if exercising Tre reductions are to occur during an 

identical subsequent exercise heat stress based trial. 

It is assumed but not established experimentally that the magnitude of individual 

impulse contributes to the cumulative magnitude and/or speed at which heat 

acclimation is acquired (Taylor 2014). The magnitude of the individual thermal 
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impulse (thermal strain) can be manipulated by altering environmental 

temperature and humidity, exercise intensity, exercise duration, contraction type 

(concentric or eccentric) and hydration status (Nybo et al. 2014). 

Duration 

The absence of Tre reductions following acute exercise heat stress (Barnett and 

Maughan 1993) could be due to the short duration (60 min) of stimuli as 

increasing duration from 60 min to 2 hrs during an HA programme induces faster 

reductions in exercising Tre (Garden et al. 1966). However, limited experimental 

controls mean conclusions from this study need to be interpreted with caution. 

Subsequently, two studies have utilised protocols lasting 2 hrs, however, 

exercising Tre reductions did not occur until the third day of acclimation within 

both recreational (Marshall et al. 2007) and athletic populations (Costa et al. 

2014). These papers (Marshall et al. 2007; Costa et al. 2014) provide useful 

information on the speed at which partial HA can be acquired. However, this 

suggests that increasing duration per se does not allow rapid relocation to hot 

environments the next day. Further, untrained populations appear to have 

difficulty initially completing durations above 60 min (Yamada et al. 2007) or 52 

min (Amorim et al. 2011) prior to volitional exhaustion, critical core temperature 

occurring or symptoms of exertional heat illness becoming apparent. Therefore, 

increasing exercise duration does not appear to offer an adequate stimulus to 

reduce exercising Tre following an acute preconditioning trial. 

Exercise intensity 

Heat acclimation programmes have typically utilised repeated exercise heat stress 

trials where participants exercised between 38 % - 70 % V02pea1< (obtained within 

a temperate environment). Increasing exercise intensity elevates metabolic 

demands. increasing heat production and thus inducing a greater thermal strain 

(Buono et al. 2007). Increased exercise intensity also induces greater fluid 

displacements from the blood to interstitial compartment (Convertino et al. 1981) 

via increased hydrostatic pressure. 'lnis increases the oncotic and osmotic 

gradients between extravascular and intravascular compartments, which are 
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stimuli for plasma volume expansion (Convertino et al. 1981; Gillen et al. 1991). 

Therefore, increasing exercise intensity beyond those previously utilised could be 

a potential strategy to reduce exercising Tre following an acute preconditioning 

trial. Indeed when a higher exercise intensity was used during a 10 d HA 

programme (75% V02max compared to 50 % V02max), sessions could be reduced in 

duration (30 - 35 min compared to 60 min) and the same Tre and HR reductions 

still occurred (Houmard et al. 1990). Heat acclimation programmes are also used 

to elevate HSP72 within both rodent (Maloyan and Horowitz 2002) and human 

models (McClung et al. 2008). Elevated basal HSP72 concentrations enhance 

thermotolerance as demonstrated within human cells following in vitro heat shock 

(Theodorakis et al. 1999), heat stroke within rodents (Lee et al. 2006) and in 

human PBMCs heat shocked ex viva following l 0 d of heat acclimation (McClung 

et al. 2008). Human skeletal muscle was previously identified (see section 2.2) as 

an important tissue within exertional heat illness pathophysiology. However, the 

two studies which investigated the skeletal muscle HSP72 response to exercise 

heat stress are critically flawed because the experimental trials used only elevated 

Tre to 38.2°C similar to cycling (Peake et al. 2008) and lower than running 

(Morton et al. 2006) protocols completed within temperate environments. 

Additionally, muscle biopsies were only obtained immediately post exercise 

(before peak HSP72 concentrations which occur 24 hrs onwards) and used 

western blotting an insensitive measuring technique to determine HSP72 

concentrations (see section 2.53) (Watkins et al. 2007; Watkins et al. 2008). These 

studies do not enable the secure conclusion as to whether the observations that 

HSP72 do not change are correct or are an artefact of the study design. Therefore, 

although increasing exercise intensity appears to offer an adequate stimulus to 

reduce exercising Tre it is unclear whether elevated skeletal muscle HSP72 

concentrations would also occur. 

Environmental temperature 

Increasing environmental temperature decreases the gradient between the body 

and the environment lowering the rate of heat dissipation, increasing heat storage 

and thus inducing a greater thermal impulse (Taylor 2014). The increased sweat 
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rate required for heat dissipation also induces a greater reduction in plasma 

volume increasing the stimuli for plasma volume expansion (Convertino et al. 

1981). Increasing environmental temperature during the plateau phase of heat 

acclimation from 26 °C to 32 °C wet bulb globe temperature (WBGT) increases 

exercising Tre reductions from 0.6 °C to 1.2 °C (Daanen et al. 2011 ). Caution 

should be taken when interpreting these results as no control group continued 

exercising in 26 °C WBGT and the 3 d break following the final acclimation 

session in 32 °C WBGT could have affected the thermal response during the final 

test session in 26 °C WBGT. Previously, HSP72 responses were demonstrated to 

be temperature dependent following ex vivo heat shock (McClung et al. 2008). In 

contrast, the single in viva human study that compared the HSP72 response in 

different environmental conditions demonstrated no increase in HSP72 

concentrations when the same group completed exercise in hot (28 °C, 50 % RH) 

and temperate environments (18 °C, 50 % RH) (Fehrenbach et al. 2001 ). 

However, exercise being allowed between experimental trials (Morton et al. 

2006), an unknown heat acclimation history (McClung et al. 2008) or history of 

heat intolerance (Moran et al. 2006) ensured HSP72 response were not securely 

defined (see section 2.53) (Fehrenbach et al. 2001 ). This contrasts with another 

study where HSP72 increases were Tre dependent within trained but not untrained 

participants during acute exercise heat stress (Selkirk et al. 2009) Upregulation of 

HSP72 is proportional to basal HSP72 concentrations (Madden et al. 2008). 

Hence the higher basal HSP72 concentrations in the untrained participant likely 

accounted for HSP72 not changing in this group, while a decreased translational 

response as observed within untrained populations may also contribute (Moran et 

al. 2006; Selkirk et al. 2009). This data demonstrates a divergent response of 

HSP72 to various study designs and therefore, it is unclear if HSP72 increases are 

temperature dependent. Further, whether these leukocyte HSP72 increases also 

occur within skeletal muscle following exercise heat stress are presently unclear 

as the VL HSP72 response has yet to be securely defined (Watkins et al. 2007; 

Watkins et al. 2008). Therefore, further research is required to determine whether 

increasing environmental temperature offers an adequate stimulus to reduce 
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exercising Ire or elevate HSP72 concentrations before its use as part of an acute 

preconditioning trial. 

Dehydration 

Exertional heat stress completed in a dehydrated state results in a higher Tre 

(Sawka et al. 1985) and HR along with a greater SY decrease (Gonzalez - Alonso 

2000) compared to similar exercise heat stress in a euhydrated state. This 

increased thennal impulse could lower exercising Tre following an acute 

preconditioning trial, although. this has yet to be experimentally tested. Further, 

exercising in a dehydrated state could be logistically challenging when no prior 

warning of departure can be provided ( disaster emergency workers, engineers 

within the oil industry) as fluid restriction would need to be preplanned. Further, 

dehydration reduces both exercise (Cheuvront et al. 2010) and cognitive 

performance (Cian et al. 2000) and thus maintaining a dehydrated state in 

preparation could have a detrimental effect on occupational work capacity prior to 

departure. Dehydration is also a risk factor for exertional heat illnesses (Sawka et 

al. 2011) and thus any intervention would need to be carefully controlled. 

Dehydration has been proposed as a factor for enhancing thermotolerance. 

However, similar HSP72 responses were observed within euhydrated and 

dehydrated participants following exercise in a warm environment suggesting 

dehydration had no additive effect on the HSP72 response (Hillman et al. 2011). 

Therefore. the limited evidence for exercising Tre reductions, HSP72 elevations 

and the logistical challenges regarding dehydrating personnel presently preclude 

the use of dehydration within an acute preconditioning trial. 

Downhill running 

Downhill running could be a possible intervention to increase the thermal and 

cardiovascular strain induced by an acute preconditioning trials. Eccentric 

contractions induce a greater increase in heat production compared to concentric 

contractions. Thermal strain increases induced by eccentric contractions were first 

demonstrated when muscle temperature (Tmu), oesophageal temperature and skin 

temperature were increased during eccentric cycling compared to concentric 

18 



cycling (Nadel et al. 1972; Nielsen et al. 1972). Mean body temperature was also 

increased within models comparing downhill walking (- 5 % and - 15 %) and flat 

walking (0 %) which were matched for both walking speed and oxygen 

consumption (Johnson et al. 2002). Increased HR (20 b.min-1) and Tre (0.2 - 0.3 

0 C) were observed between 25 - 30 min during downhill running on a 10 % 

gradient compared to flat running (both at 40 % V02peak) (Westerlind et al. 1992). 

However, this did not quite reach significance due to the large number of time 

points (HR and Tre measured every 2 min) (Westerlind et al. 1992) 

overparamatising the statistical model and thus attenuating statistical power. The 

exercising muscle temperature, mean body temperature and Tre increases 

demonstrated in the above studies (Nadel et al. 1972; Nielsen et al. 1972; Johnson 

et al. 2002) occur because energy is stored within the series elastic elements 

(connective tissue, tendons, Z disks) during lengthening of the muscle-tendon unit 

(Randall et al. 2002; Roberts and Konow 2013) prior to being dissipated as heat as 

the muscle fascicle lengthens and during the period of amortisation prior to the 

subsequent concentric contraction (Lindstedt et al. 2001; Roberts and Konow 

2013). The increased braking force at footstrike observed during downhill running 

compared to flat running (Gottschall and Kram 2005) requires a greater angle of 

knee flexion (Buczek and Cavanagh 1990). This induces a greater load on the 

muscle tendon unit of the quadriceps requiring an increased tendon stretch to 

absorb the increased impact force (Roberts and Konow 2013). The increased 

energy dissipated and heat produced increases muscle temperature and 

subsequently core temperature as heat is transferred to the core via the venous 

blood return. The concurrent skeletal muscle and cutaneous blood flow increases 

required for heat dissipation increases HR (Delp et al. 1999; Kano et al. 2004 ). 

Therefore, combining downhill running and exercise heat stress could induce 

larger HR increases, further reducing stroke volume, blood volume and mean 

arterial pressure compared to exercise heat stress. This could elevate plasma 

albumin concentrations (Convertino et al. 1980; Gillen et al. l 991; Goto et al. 

2010) and sympathetic activation of the renin-angiotensin-aldosterone system 

(Grant et al. 1996) increasing the stimuli for PY expansion. Acute muscle 

damaging exercise (eccentric bench stepping) also induces plasma volume (PV) 
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expansion (Gleeson et al. 1995) possibly via increased oncotic pressure gradient 

mediated via an efflux of albumin into the plasma (Irving et al. 1990), increasing 

fluid movement from the extravascular to intravascular compartments. 

Muscle damage induced by downhill running typically decrease exercise 

performance for at least 48 hrs - 72 hrs (Marcora and Bosio 2007; Etheridge et al. 

2008). Thermal strain also increases during exercise heat stress for up to 24 hours 

following muscle damaging exercise (Fortes et al. 2013). These negative effects 

occur while athletes and occupational workers are packing or travelling to hot 

environments (within 24 - 72 hrs). Other interventions such as exercising within a 

dehydrated state would require a period of fluid restriction prior to the acute 

preconditioning trial and thus would delay travelling. This would increase the 

time required before athlete, military or disaster emergency worker could arrive 

within the hot environment. A further, positive effect are the consistent basal 

HSP72 increases for up to 7 d observed following muscle damaging exercise 

within skeletal muscle (Paulsen et al. 2007) which have yet to be observed 

following acute exercise heat stress (Watkins et al. 2007; Watkins et al. 2008). 

Consequently, the demonstrated thermal strain and skeletal muscle HSP72 

increases following muscle damaging exercise suggest downhill running could be 

a useful intervention to incorporate within an acute preconditioning trial. 

2.4 Thermotolerance and the heat shock protein system 

2.41 Thermotolerance an Overview. 

Thermotolerance is an adaptation conferred by a single exposure or series of 

severe but non lethal heat exposures that allows an organism to a survive a 

subsequent more severe heat stress (Moseley 1997). This protective effect occurs 

via attenuation of thermal mediated protein denaturation increases (Kampinga et 

al. 1995) which induce cellular apoptosis (Pan et al. 2011 ). Both protein 

denaturation and apoptosis are associated with thermal damage induced via the 

classical pathway of heat injuries (Epstein et al. 2012). Therefore, upregulating a 

set of proteins which attenuate protein degradation and apoptosis could confer 

tolerance to exercise heat stress decreasing exertional heat illness risk. 
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The HSP system has a key role in enhanced thermotolerance to subsequent 

stressors (Kampinga et al. 1995; Liu et al. 1997). Heat shock proteins and glucose 

regulated proteins are stress responsive proteins named after the initial stressor 

which upregulated them, heat shock (Ritossa 1962; Ritossa 1963; Ritossa 1964) 

and glucose deprivation (Lee 1987) respectively. The individual proteins within 

each group are classified by the molecular weight in kilodaltons (kDa) of each 

protein. The HSPs of relevance within this thesis include HSP72 the commonly 

used name for HSPA I A, HSP90 (HSPC I), GRP78 (HSPA5) and GRP94 

(HSPC4) (Kampinga et al. 2009). 

2.42 Heat shock protein 72 (HSP72) 

Heat shock protein 72 has an important role in conferring thermotolerance 

(Kampinga et al. 1995). This primarily occurs through via attenuation of protein 

denaturation as demonstrated in thennotolerant cells (Kampinga et al. 1995). This 

occurs because HSP72 holds denatured protein during heat stress (Freeman and 

Morimoto 1996; Nollen et al. 1999) preventing protein degradation and 

aggregation (Goldberg 2003). Upon cessation of cellular stressors, i.e. a given 

time post exercise or environmental stress, denatured proteins held by HSP72 are 

refolded back into a native state (Freeman and Morimoto 1996). This reduces 

apoptosis mediated by protein denaturation (Pan et al. 20 I l ). Direct inhibition of 

apoptotic pathways via HSP72 overexpression reduces heat induced apoptosis 

within human cells (Mosser et al. 1997). This protective effect is lost when 

antibodies to HSP72 are microinjected into cells increasing cell death (Riabowol 

et al. 1988). Additionally HSP72 regulates cellular Ca2+ homeostasis by 

preventing thennal inactivation of the SERCA pump on the sarcoplasmic 

reticulum (Tupling et al. 2008). This attenuates intracellular calcium 

concentrations increases associated with increased calpain proteolysis (Zhang et 

al. 2008), Ca2'' mediated apoptosis (Sawka et aL 2011) and sarcolemrna damage 

(Bosch et al. 2009) decreasing rhabdomyolysis risk during exercise heat stress. 

Elevated basal HSP72 concentrations have subsequently been associated with 

enhanced whole body thermotolerance. A protective effect was first demonstrated 
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by Yang et al, (1998) who utilised heat shock preconditioning to elevate basal 

HSP72 concentrations within the brain, heart, liver and kidney within an in viva 

rodent model. Increased HSP72 concentrations at 16 hrs post heat shock 

preconditioning were correlated with a delayed or reduced incidence of arterial 

hypotension, cerebral ischemia, cerebral neuronal damage and death during heat 

stroke (Yang et al. 1998). When HSP72 returned to basal values at 48 hrs post 

heat stroke this thermotolerance was lost (Yang et al. 1998). Elevated basal 

HSP72 concentrations within the liver (3.6 fold) were also associated with 

increased survival time of mice during 60 min heat shock (King et al. 2002). This 

paper, demonstrated that an optimal preconditioning dosage existed (30 min) 

above which (45 min) survival time decreased during the subsequent 60 min heat 

shock (King et al. 2002). The limitation of these studies was that no attempt was 

made to elucidate whether HSP72 (via inhibition) and/or other adaptations within 

the brain, heart, liver and kidneys, or other tissues were responsible. 

This methodological issue was overcome in a study where heat shock mediated 

HSP72 elevations within the brain of rodents protected against heat stroke (Li et 

al. 2001 ). This protective effect was lost when HSP72 antibodies which bind 

HSP72 preventing it functioning as a protein chaperone, were injected into the 

bilateral nucleus tractus solitarii within the brain (Li et al. 2001). This reversed the 

reductions in heat stroke cases observed (Li et al. 200 I). This HSP72 mediated 

thennotolerant effect has subsequently been observed within other tissues after 

HSP72 was transgenically overexpressed resulting in an increased survival time 

for mice subjected to heat shock via attenuated hyperthennia, circulatory shock, 

and cerebral ischemia and damage compared to control mice (Lee et al. 2006). 

These previous studies demonstrated a key role for HSP72 conferring 

thennotolerance against lethal heat shock within rodent models. However, 

whether this protective effect also occurs in leukocytes and skeletal muscle is 

unclear. Two important studies demonstrated that elevated basal HSP72 

concentrations within peripheral mononuclear blood cells (PBMCs) of 17.7 % 

(McC!ung et al. 2008) and 70 %> (Amorim et al. 2011) are associated with an 

attenuated HSP72 response to acute ex vivo heat shock. As HSP72 induction is 
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dependent on protein denaturation an attenuated HSP72 response is indicative of 

enhanced therrnotolerance (Theodorakis et al. 1999). Other adaptations including 

optimisation of transcription and translational control (Touchberry et al. 2012), 

and elevated concentrations of anti-apoptotic (Horowitz 2014) and antioxidant 

(Horowitz and Kodesh 2010) proteins occur when therrnotolerance is enhanced. 

Therefore, it is unclear if HSP72 increases or other adaptations induced by heat 

acclimation are responsive for the protective effects observed. 

The protective effects of HSP72 have been investigated within in vivo rodent 

models with reductions in structural, membrane and cellular damage appearing to 

be attenuated when skeletal muscle HSP72 was elevated following prior heat 

shock (Shima et al. 2008; Touchberry et al. 2012). This protective effect was 

subsequently verified via HSP72 overexpression in skeletal muscle with a 

reduction in oxidative damage and prolonged time to exhaustion observed (Liu et 

al. 2013). An attenuated Hsp72 mRNA and HSP72 response associated with 

elevated basal HSP72 was also observed within humans following an 

experimental trial of 70 maximal voluntary eccentric contractions was repeated 21 

days later (Paulsen et al. 2009). An obvious limitation of this model was that other 

adaptations associated with the repeated bout effect such as a strengthened 

cytoskeleton (increased desmin) and elevated small HSP (a~-crystallin and 

HSP27) concentrations could also be responsible for the protection observed. 

Tentative data therefore, suggests that HSP72 provides protection within skeletal 

muscle in vivo against protein denaturation, oxidative stress, membrane damage, 

structural damage and apoptosis. These changes are associated with the 

pathophysiology of classical heat injury and specifically within skeletal muscle 

the events which lead to rhabdomyolysis. Therefore, elevated HSP72 

concentrations could enhance thermotolerance against heat related injuries within 

skeletal muscle by attenuating protein denaturation (Mestre-Alfaro et al. 2012) 

and apoptosis (Selkirk et al. 2009) which occur during exercise heat stress. 

Although HSP72 elevations are likely to enhance both skeletal muscle and whole 

body in vivo thennotolerance within humans this has yet to be experimentally 
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verified. This is because it is unethical to induce heat stroke within human 

participants. Further, only a limited number of rodent heat stroke models have 

investigated HSP72 mediated thermotolerance within skeletal muscle (Lee et al. 

2006). This study utilised an experimental model where HSP72 was 

overexpressed within all tissues of rodents (Lee et al. 2006) and thus the specific 

effect of HSP72 increases within skeletal muscle are yet to be demonstrated. 

Transcription of Hsp72 mRNA is induced by protein denaturation (Bush et al. 

1997) which causes dissociation of the multi-chaperone complex consisting of 

HSP72, HSP90, heat shock protein 40 and heat shock factor - l (HSF-1) 

(Tomanek and Somero 2002). Translocation of HSF-1 to the nucleus where 

homotrimerisation of HSF-1 occurs forming a HSF-1 trimer which binds to the 

heat shock element (Baler et al. 1993). Recruitment of histone acetyl transferases 

weakens the DNA sequence containing the Hsp72 sequence enabling RNA 

polymerase II to escape from heat shock element paused pre transcriptional 

initiation complex and commence elongation of Hsp72 mRNA (Mason and Lis 

1997; Xu et al. 2008). This relationship between protein denaturation and Hsp72 

mRNA induction and the decreased protein denaturation observed within 

thermotolerant cells (Kampinga et al. 1995) suggests measurement of Hsp72 

mRNA could be utilised as a marker of thermotolerance. Indeed thermotolerant 

cells induce a smaller Hsp72 mRNA than non thermotolerant cells (Theodorakis 

et al. 1999). This response is replicated in humans following exercise heat stress 

with attenuated Tre responses eliciting a smaller Hsp72 mRNA response within 

PBMCs (Marshall et al. 2007). Therefore, Hsp72 mRNA could be utilised to 

elucidate whether any elevation of HSP72, exercising Tre reductions or delayed 

onset muscle soreness attenuate the cellular stress response in vivo. 

2.43 Hsp90a 

Heat shock protein 90 alpha (HSP90a) is a heat shock protein involved in the 

cellular stress response within the cytosol, with an impo11ant role conferring 

thermotolerance in vitro (Kampinga et al. 1995). Elevated HSP90a concentrations 

in vitro correlate with reduced protein denaturation and oxidative stress mediated 
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apoptosis (Lee et al. 2005; Meng et al. 2011; Yang et al. 2011). Indeed when 

HSP90 gene expression is inhibited within human neural cells (Lee et al. 2005) 

and HSP90 function was inhibited within murine fibroblasts (Lewis et al. 2000) 

apoptosis increased. These anti-apoptotic function have been confirmed via an 

overexpression study where TNFu induced apoptosis was inhibited (Zhao and 

Wang 2004). Absence of HSP90 also impairs recovery from heat shock via a 

delayed restoration of protein synthesis (Duncan 2005). The protective effect of 

HSP90u primarily occurs through attenuation of protein denaturation as 

demonstrated in thermotolerant cells (Kampinga et al. 1995). This occurs because 

HSP90u holds denatured protein during heat stress (Freeman and Morimoto 1996) 

via a conformational change allowing the acceptance of denatured proteins 

(Taipale et al. 2010) preventing protein degradation and aggregation (Goldberg 

2003). Upon cessation of cellular stressors, i.e. a given time post exercise or 

environmental stress, denatured proteins held by HSP90a are refolded back into a 

native state (Freeman and Morimoto 1996). Sequestration of the calpain proteases 

by HSP90u also prevents protein degradation (A verna et al. 2007). This reduces 

apoptosis mediated by protein denaturation (Pan et al. 2011 ). Heat shock protein 

90 alpha also directly inhibits apoptotic pathways in vitro reducing heat induced 

apoptosis via inhibition of death signalling pathways, mitochondrial 

permeabilisation, apoptosome formation and caspase activation (Arya et al. 2007). 

Aside from attenuating protein denaturation and apoptosis HSP90a has several 

other important roles within the cellular stress response. The action of HSP90a. as 

a chaperone ensures the functions of proteins involved in transmitting cellular 

signalling cascades (signalling kinases and transcription factors) (Taipale et al. 

2010), assembly of gene transcription machinery, protein synthesis machinery, 

cell proliferation and differentiation (Erlejman et al. 2014) and DNA repair 

(Kaplan and Li 2012) are maintained during cellular stress. Hence HSP90a. has an 

important role in restoring cellular homeostasis following cellular stress induced 

by heat shock enabling processes such as global protein synthesis to recommence 

(Duncan 2005). As the HSP90a response takes into account stimuli for all the 

aforementioned processes, it could provide a better indication of the cellular stress 

25 



response and thermotolerance not just the stimuli for protein denaturation and 

apoptosis as demonstrated for HSP72. 

Therefore, HSP90a could attenuate protein denaturation and apoptosis, enhance 

thermotolerance and thus potentially attenuate exertional heat illness risk within 

humans. While control of transcriptional and translational responses suggest 

HSP90a has an important role coordinating recovery from exercise heat stress. 

This has yet to be experimentally verified because of the difficulties of completing 

heat stroke based studies within humans and the absence of whole body or tissue 

specific heat stroke studies within rodent models. 

Another area of interest could be the use of Hsp90a mRNA as a marker of 

thermotolerance. Indeed Hsp90a mRNA increases following exercise heat stress 

(Moran et al. 2006), exertional heat illness (Senna et al. 2004) and ex vivo heat 

shock (Senna et al. 2004). This potential function as a marker of thennotolerance 

could occur because induction of Hsp90a mRNA is regulated by protein 

denaturation which causes dissociation of the multi-chaperone complex consisting 

of HSP72, HSP90, heat shock protein 40 and heat shock factor - 1 (HSF-1) 

(Tomanek and Somero 2002). This leads to translocation of HSF-1 to the nucleus, 

where homotrimerisation occurs and the HSF-1 trimer binds to the heat shock 

element (Baler et al. 1993). Recruitment of hi stone acetyl transferases then occur 

to weaken the DNA sequence containing the Hsp90a sequence enabling RNA 

polymerase II to escape from heat shock element paused pre transcriptional 

initiation complex and commence elongation of Hsp90a mRNA. Indeed when 

thermotolerant human cells are heat shocked in vitro a reduced protein 

denaturation and Hsp90a mRNA response occur concurrently (Kampinga et al. 

1995). However, whether Hsp90a mRNA response is attenuated when 

physiological strain e.g. exercising Tre is reduced has yet to be determined within 

an in vivo human exercise model and thus requires elucidation. 

2.44 GRP78 

Glucose regulated protein 78 (GRP78) is a heat shock protein which regulates the 

cellular stress response within the endoplasmic reticulum (ER) (Ron and Walter 
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2007). When the cellular environment is in an unstressed state GRP78 resides 

bound to the luminal side of the ER membrane either at the translocon pore 

(Kleizen and Braakman 2004) or in complex the signalling kinases Protein like 

RNA-like ER kinase (PERK), inositol requiring protein - 1 a (IREla) and 

activating transcription factor 6 (ATF6) (Ron and Walter 2007). During thermal 

stressors the concentration of denatured proteins within the cytosol increases 

(Kampinga et al. 1995). Failure to clear the denatured proteins within the cytosol 

during cellular stress leads to endoplasmic reticulum stress (Ding and Yin 2008) 

whereby denatured proteins are transported into the ER by J-Proteins (Kampinga 

and Craig 2010). Glucose regulated protein 78 dissociates from the ER lumen to 

bind to denatured proteins transported to it by J-proteins (Kampinga and Craig 

2010). This event has two consequences, the first is that GRP78 binds the 

denatured proteins preventing aggregation leading to protein degradation or once 

cellular stress has ceased protein refolding. The second is an initiation of the 

unfolded protein response via PERK, IRE 1 a and A TF6 which suspends protein 

synthesis and eventually leads to expansion of ER protein folding capacity (Ron 

and Walter 2007). These pathways also increase Grp78 mRNA transcription via 

activation of the transcription factors spliced A TF6 and X-box binding protein-I 

which bind the endoplasmic reticulum stress element on the Grp78 gene (Ron and 

Walter 2007). Coactivators including Tata box binding protein, p300 and protein 

arginine rnethyltransferases are then recruited to form the endoplasmic reticulum 

stress factor (Yoshida et al. 2000; Donati et al. 2006). This enables RNA 

polymerase II to be released commencing Grp78 mRNA transcription. 

Increased Grp78 mRNA transcription leads to elevated basal GRP78 

concentrations which have been demonstrated to enhance cellular tolerance in 

vitro to subsequent endoplasmic reticulum stress (Liu et al. 1997; Liu et al. 1998). 

A protective effect was first demonstrated when overexpression of GRP78 

attenuated Grp78 mRNA induction in hamster ovary cells (Domer et al. 1992). 

This is indicative of elevated GRP78 reducing protein denaturation. Subsequent 

studies demonstrated that GRP78 overexpression also maintains Ca2+ 

homeostasis, attenuates oxidative stress and reduces apoptosis in response to 

endoplasmic reticulum stress (Liu et al. 1997; Jia et al. 2004). This enhanced 
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cellular tolerance is lost when GRP78 expression was inhibited (Liu et al. 1997; 

Jia et al. 2004) leading to activation of the unfolded protein response and 

apoptosis within human cells (Suzuki et al. 2007). The protective effect of GRP78 

has only been studied thus far in vitro and therefore, whether these protective 

effects conferred by GRP78 translate to enhanced whole body thermotolerance is 

presently unclear. Therefore, extrapolation of any cytoprotective effect to human 

skeletal muscle and leukocytes should be made with caution. 

Another area of interest could be the use of Grp78 mRNA as a marker of 

thermotolerance. Induction of Grp78 mRNA has been observed in vitro following 

heat shock within rodent (McMillan et al. 1998) and human cells (Heldens et al. 

2011) and following administration of protein denaturing agents (Bush et al. 

1997) within canine cells. Therefore, Grp78 mRNA has the potential to be utilised 

as a marker of thermotolerance. However, whether the Grp78 mRNA response is 

attenuated when physiological strain e.g. exercising Tre is reduced has yet to be 

determined within an in vivo human exercise model and thus requires elucidation. 

Heat intolerant individuals appear to have decreased HSF-1 concentrations 

attenuating Hsp72 mRNA and Hsp90a mRNA induction (Moran, 2006). 

Induction of Grp78 mRNA occurs via the PERK, IRE la and ATF6 pathways and 

continues in vitro when HSF-1 is inhibited (McMillan et al. 1998). Therefore, if 

Grp78 mRNA increases following acute exercise heat stress in humans are 

attenuated when during subsequent exercise heat stress trials when exercising Tre 

reductions occur it could be a marker ofthennotolerance of particular relevance in 

heat intolerance individuals. These advantages require verification in vivo due to 

previous studies using in vitro models, (Bush et al. 1997; McMillan et al. 1998; 

Heldens et al. 2011 ), although Grp78 mRNA is a promising candidate as it is 

exercise responsive within human skeletal muscle (Neubauer et al. 2014). 

2.45 GRP94 

Glucose regulated protein 94 is a 94 kDa ER based protein which regulates both 

Ca2+ homeostasis within the ER and denatured protein export from the ER (Eletto 

et al. 2010). Glucose regulated protein 94 is also a non promiscuous chaperone 
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enabling maturation of important anti-apoptotic proteins such as the insulin like 

growth factors (Wanderling et al. 2007). Like GRP78 increased protein 

denaturation within the ER upregulates IREla and ATF6 signalling leading to 

activation of A TF6 and XBP-1 which bind to the endoplasmic reticulum stress 

element on the Grp94 gene (Yoshida et al. 1998; Donati et al. 2006). Coactivators 

including Tata box binding protein, histone methyltransferases and histone 

acetyltransferases are then recruited to form the endoplasmic reticulum stress 

factor (Yoshida et al. 2000; Donati et al. 2006; Zhou et al. 2011 ). This enables 

RNA polymerase II to be released commencing Grp94 mRNA transcription. 

Increased Grp94 mRNA transcription elevates basal GRP94 concentrations which 

confers cellular tolerance in vitro to subsequent ER stress (Liu et al. 1998). The 

first study to use a preconditioning stressor to elevate GRP94 concentrations 

observed oxidative stress and apoptosis were reduced during subsequent ER stress 

within porcine kidney cells (Liu et al. 1998). More recent studies utilising C2C12 

myotube based in vitro models observed cellular membrane damage (Vitadello et 

al. 2003), protein denaturation (Pizzo et al. 2010) and apoptosis (Vitadello et al. 

2003; Pizzo et al. 2010) were reduced following oxidative stress (Pizzo et al. 

2010) and calcium overload (Vitadello et al. 2003) when GRP94 was 

overexpressed. These protective effects were lost when GRP94 expression was 

inhibited (Pizzo et al. 2010) suggesting that GRP94 increases confer cellular 

tolerance in vitro to various stressors which also occur during exercise and/or 

exercise heat stress including oxidative stress (McAnulty et al. 2005) and 

increased cellular Ca2+ concentrations (Overgaard et al. 2004; Sawka et al. 2011 ). 

Whether these protective effects conferred by GRP94 increases translate to 

enhanced whole body thermotolerance within humans has yet to be investigated. 

Therefore, extrapolation of any cytoprotective effect to human skeletal muscle and 

leukocytes should be made with caution. Previous rodent based models suggest 

Grp94 mRNA is exercise responsive (Wu et al. 2011 ), however, the Grp94 

mRNA response to exercise has yet to be investigated within humans. 

Induction of Grp94 mRNA could be used as a marker of thermotolerance because 

a positive relationship between protein denaturation and Grp94 mRNA was 
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observed in vitro (Bush et al. 1997). Further, Grp94 mRNA is only upregulated 

during severe stress where global protein synthesis is switched off and the 

unfolded protein response is engaged (Bush et al. 1997). Consequently the Grp94 

mRNA could indicate when severe levels of cellular stress occur during exercise 

heat stress. This requires verification within in vivo human exercise heat stress 

based studies due to previous studies occurring in vitro. 

2.5 Heat shock protein system response to exercise 

Elevated skeletal muscle HSP72 protein concentrations could protect against 

exertional heat illnesses (Lee et al. 2006). Exercise, exercise induced muscle 

damage and exercise heat stress, are potential strategies to elevate basal HSP72 

concentrations. This section will summarise the present literature to determine the 

most valid strategy to increase basal HSP72 concentrations. The effects of 

exercise induced stressors on the Hsp72 mRNA Hsp90a mRNA, Grp78 mRNA 

and Grp94 mRNA responses will also be reviewed. 

2.51 Heat shock protein 72 response to acute exercise 

Vastus lateralis Hsp72 mRNA increases (see table 2.1) have been demonstrated 

by three studies following submaximal exercise in humans (Puntschart et al. 1996; 

Walsh et al. 200 l; Vissing et al. 2005). Despite demonstrating Hsp72 mRNA 

increases no change in HSP72 protein concentrations was observed in these two 

studies (Puntschart et al. 1996; Walsh et al. 2001 ). This could be because biopsies 

were only obtained up until 3 hrs post exercise prior to elevated HSP72 occurring 

at 48 hrs post exercise (Morton et al. 2006). A varied HSP72 response was 

observed within Walsh et al (2001) with two participants increasing but three 

participants not changing. Exercise was conducted at 70 % V02peak- Therefore, 

participants exercised at varied relative exercise intensities suggesting individual 

participants experienced a different metabolic strain (Baldwin et al. 2000) which 

could account for the varied HSP72 response. The vastus lateralis is a 

heterogeneous tissue and thus further variation was likely induced by biopsy sites 

used (different leg and 5 cm apart on the same leg) where unique patterns of gene 

and protein expression were likely t() occur (Tupling et al. 2007). The Variability 
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in the HSP72 response was further compounded within Puntschart et al ( 1996) by 

the collection of basal muscle biopsy samples two weeks before exercise. During 

this period no experimental controls for variables which affect the HSP72 

response such as prior exercise and nutritional status were implemented. 

In contrast two subsequent studies demonstrated elevated HSP72 concentrations 

24 - 48 hrs post exercise (Morton et al. 2006; Tupling et al. 2007). These studies 

utilised a sampling time course which obtained muscle biopsies at 24 hrs and 48 

hrs post exercise when HSP72 concentrations is known to peak in whole muscle 

homogenates from the vastus lateralis (Tupling et al. 2007). Further these studies 

implemented experimental controls for factors which affect the HSP72 response 

including prohibition of exercise, alcohol and caffeine prior to the experimental 

trial and between biopsy timepoints. The more appropriate biopsy sampling time 

course and better experimental control therefore, explain the increased HSP72 

concentrations in these studies (Morton et al. 2006; Tupling et al. 2007). 

Increases in leukocyte Hsp72 mRNA have been demonstrated by two studies 

following submaximal exercise in humans (Connolly et al. 2004; Shin et al. 

2004). Data regarding whether the demonstrated leukocyte Hsp72 mRNA 

responses are translated to elevated leukocyte HSP72 protein concentrations are 

presently equivocal with two studies demonstrating no change following exercise 

(Shastry et al. 2002; Chang et al. 2010) while other studies demonstrated an 

increase (Fehrenbach et al. 2000; Shin et al. 2004; Taylor et al. 2012). This could 

be due to the Shastry et al (2002) and Chang et al (20 I 0) measuring HSP72 via 

western blotting within the peripheral blood mononuclear cells (PBMCs) while 

Fehrenbach et al (2001) and Taylor et al (2012) measured HSP72 within 

monocytes via flow cytometry. The HSP72 response is greater within monocytes 

compared to lymphocytes and granulocytes (Oehler et al. 200 l ). Flow cytometry 

is more sensitive for measuring HSP72 changes than western blotting (Bachelet et 

al. 1998). Therefore, the increased sensitivity of the study design employed 

explains why HSP72 increases were found in these two studies (Fehrenbach et al. 

2001; Taylor et al. 2012). 
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Table 2.1 Intracellular Hsp72 mRNA and HSP72 response to acute submaximal exercise 

Authors Intervention Tissue Technique Results 
(Chang et al. 2010) 
(Connolly et al. 2004) 

(Fehrenba~h et al. 2000) 

(Morton d at '.:!006) 

(M011on et al. 2008) 

(Punts.chart et al. 1996) 

( Shastry et af. 2002} 
(Shin et at 2004) 

(Steensberg et al. 2007) 
(Taylor et al. 2012) 

(Tupling et al. 2007) 

(Vissing et al. 2005) 

(Walsh et al. 2001) 

60 min running at 70% V02peak 

30 min cycling at - 80 % V02=-

Half marathon 

45 min running at LT (average 69.6 

% \io2i>e,,kl-
45 min running at LT (average 69.6 
% V()ipwk}. UTR Vs TR. 
30 min running at anaerobic 
threshold. (Mean BfLa] at 20 rnin 
of 5.1 mmoI.r1) 

60 min running at 700/o V02i,ellk 

60 min rurming at 70% HRR 
{24°C. 60% RH). 

2 hrs one leg cycling at 55% Wmax 
60 min cycling at power output 
eliciting 90% of LT. 
30 min isometric contractions at 
60% MVC on a 50% duty cycle (5 
s contraction. 5 s rest). 
3 hrs single leg knee extensions at 
50%Wmax 
60 min running at 70% VO~_ 

PBMC WB 
PBMC Gene Array 

G, Ly, FC 
M 
VL WB 

VL WB 

VL NB 
WB 

L WB 
PBMC NB 

WB 

VL QPCR 
M FC 

VL WB 

VL QPCR 

VL QPCR 

N/C HSP72 
i Hsp72 mRNA (2.0 fold at IP & 2.4 fold at 60 min 
post). i 
G i -125% HSP72+ cells at 24 hrs. Ly N/C HSP72+ 
cells. M i -300% HSP72+ cells at 24 hrs. 
i HSP72 (179 % at 48 hrs. 178 % at 7 d, 210 % at 
Peak). 
N/C HSP72 in TR compared to UTR.N/C HSP72 in 
TR participants post ex. 
i Hsp72 mRNA (-394 % at 4 min. -489 % at 30 min, 
-339 % at 3 hrs). N/C HSP72. 

N/C IISP72. 
T t -130% Hsp72 mRNA at 30 min post. UTR N/C 
Hsp72 TR i 127% & 141% HSP72 IP & 30 min post. 
UTR i 127% & 139% HSP72 IP & 30 min post 
j 400% Hsp72 mRNA 
i 167% HSP72. 

i HSP72 (all fibres). i HSP72 in fibre type I 
i HSP72 in fibre type IIA and IIX 

i ~450% Hsp72 mRNA. 

j 300% Hsp72 mRNA. N/C HSP72 
B[LaJ (Blood lactate concentrations), FC (Flow cytometry), G (Granulocytes). HRR (Heart rate reserve), HSP72 (Heat shock protein 72), Hsp72 mRNA (Heat 
shock protein 72 mRNA), IAT (individual anaerobic threshold), IP (Immediately post), L (Leukocytes), Ly (Lymphocytes), LT (Lactate threshold), M 
(Monocytes}, mrnol.r1 (millimolnrs per litre), MVC (Maximum voluntary contraction), N (Neutrophils), NB (Northern blotting), N/C (no change), QPCR 
(Quantitative polymerase chain reaction), PBMC (Peripheral blood mononuclear cells), TR (Trained), UTR (Untrained), VL (Vastus lateralis), V02peak (Peak 
oxygen uptake), WB (Western blotting), WMax (Watt max). 
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2.52 Heat shock protein 72 response to exercise induced muscle damage 

A number of studies have demonstrated that muscle damaging exercise increases vastus 

lateralis Hsp72 mRNA (see table 2.2) following eccentric contractions (Willoughby et 

al. 2003), isokinetic eccentric contractions (Paulsen et al. 2007; Huba! et al. 2008) and 

downhill running (Thompson et al. 2003). These Hsp72 mRNA increases have been 

demonstrated to be translated into elevated basal HSP72 when measured via ELISA in 

an all male population (Paulsen et al. 2007). In contrast Thompson et al, (2003) 

observed an Hsp72 mRNA increase but no change in HSP72 concentrations. The 

Thompson study had a much smaller serum creatine kinase increase post exercise 

indicative of a smaller muscle damaging response and thus less need for HSP72 

increases to restore muscle function. This study also utilised a participant population of 

1 male and 7 females (Thompson et al. 2003 ). Females have a blunted HSP72 response 

compared to the males (Morton et al. 2009). Hence the male population used in Paulsen 

et al (2007) was likely more responsive. This study (Thompson et al. 2003) obtained the 

pre experimental trial biopsy sample from the opposite leg and measured HSP72 via 

western blotting likely fu1ther increasing the variability of any HSP72 response 

observed (Tupling et al. 2007). 

Three studies have suggested that muscle damaging eccentric contractions may induce a 

larger Hsp72 mRNA and HSP72 protein concentration increase than non damaging 

concentric contractions (Willoughby et al. 2003; Hubal et al. 2008: Vissing et al. 2009). 

The first two studies did not obtain biopsy samples prior to the intervention and 

therefore, it is unclear whether changes were due to the exercise intervention or 

different basal HSP72 concentrations (Willoughby et al. 2003: Hubal et al. 2008). The 

third study utilised a model involving eccentric exercise on one leg and concentric 

exercise on the other leg (Vissing et al. 2009). A pre exercise biopsy was obtained 7 d 

before the exercise intervention and both interventions were matched for energy 

expenditure (Vissing et al. 2009). Therefore, this study (Vissing et al. 2009) provides 

more robust evidence for a greater HSPn respon.se in the vastus lateralis following 

muscle damaging exercise. 

https://respon.se


Table 2.2 Intracellular Hsp 72 mRNA and HSP72 responses to exercise induced muscle damage 
Authors Intervention Tissue Technique Results 
(Huba] et al. 300 Eccentric isokinetic contractions VL QPCR Hsp72 mRNA t 10.9 fold Eccentric Vs Concentric. 
2008) 300 Concentric isokinctic contractions 
(Paulsen et al. 300 maximal eccentric contractions VL WB, THC, i Hsp72 mRNA (~1500 %, 2000% & 1000% at 4 
2007) NB hrs. 8 hrs & 24 hrs). j HSP72 (~200%; 24 hrs, 96 hrs 

& 168 hrs). 
(Paulsen et al. 2 sessions (Bout 1 (B 1) & Bout 2 (B2)) of 70 BB WB BJ j cytoskeletal HSP72 (~325 % at 48 hrs, ~308 % 
2009) eccentric MVC of BB. [21 d between sessions] at 96 hrs & 265% at 168 hrs). 

BI i cytosol HSP72 (-288 % at 48 hrs, ~315 % at 96 
hrs & 302% at 168 hrs). 
82 j cytoskeletal HSP72 (~ 146 % pre ex,~ 217 % at 
48 hrs ). B2 j cytosol HSP72 ( ~ 156% pre ex~ 23 I % 
at 48 hrs). 

{Thompson et l) 50 maximal eccentric MVC of elbow BB WB 1) j-227% HSP72 at 48 hrs. j ~127% Hsp72 

al. 2003) t1exors. 2) 30 min downhill running (-! 0 % VL QPCR (HSP70C) at 48 hrs. 
gradient. 77 % age predicted HRmax). 2) N/C HSP72. t ~200% Hsp72 mRNA (HSP70B) at 
Mixed gender (8 male, 7 female). 48 hrs. 

(Willoughby 7 x I O Eccentric knee extensions at 150 % VL QPCR i Hsp72 mRNA in Eccentric (3.63 ng.mr1) Vs 
et al. 2003) IRM. ELISA Control (1.33 ng.mr1) t HSP72 in Eccentric (32 

ng.mr 1) Vs Control ( 15 ng.mr') 
(Vissing et al. 2 sessions of 30 min eccentric bench stepping VL WB Trial 1 j cytoskeletal N/C Cytosolic HSP72 at 7 d. 
2009) at 60 steps.min ·1• [8 weeks between]. Trial 2 N/C Cytosolic or cytoskeletal HSP72. 

Trial 1 Hsp72 mRNA t at 3 hrs (890%) and 24 hrs 
(~200%). Trial 2 Hsp72 mRNA j at 3 hrs (490%) 

. .. . . and 24 hrs (~200%). 
t (increase), ·1RM.{l repetition maximum), BB (Biceps brachii), ELISA (Enzyme linked immunosorbent assay), HRMax (Maximal heart rate), HSP72 (Heat 
shock protein 72), Hsp72 mRNA (Heut shock protein 72 mRNA). IHC' (lmmunohistochemical staining), MVC (Maximal voluntary contractions), NB (Northern 
blotting), ng.mr' (nanograms per millilitre) QPCR (Quantitative polymerase chain reaction) RB (Repeated bout), steps.min·1 (steps per minute), VL (Vastus 
lateralisl. Vs {Compared to) WB (Western blotting). 
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2.53 Heat shock protein 72 response to exertional heat stress 

Two studies have investigated the HSP72 skeletal muscle response (see table 2.3) 

demonstrating no change immediately post exercise (Watkins et al. 2007; Watkins et al. 

2008). This response may be study design and participant dependent. Induction of 

HSP72 is positively related to the thermal strain induced and inversely related to basal 

HSP72 concentrations (McClung et al. 2008). The short cycling based 30 min protocol 

(Watkins et al. 2007; Watkins et al. 2008) only increased Treto 38.2 °C smaller than in 

exercise based protocols where HSP72 increased (Morton et al. 2006). Further, 

participants had high basal HSP72 concentrations which appears to attenuate HSP72 

induction following in vitro (Theodorakis et al. 1999) and ex vivo (McClung et al. 2008) 

heat shock in human cells and in vivo exercise models in humans (Morton et al. 2008). 

The use of a variable technique to measure HSP72 (western blotting) and absence of 

biopsy samples to measure HSP72 at 24 - 48 hrs when concentrations peak (Morton et 

al. 2006; Tupling et al. 2007) also decreases the sensitivity to detect HSP72 increases 

compared to previous study designs {Morton et al. 2006; Tupling et al. 2007). 

Therefore, these studies do not securely clarify whether exercise heat stress induces 

HSP72 within skeletal muscle. 

In contrast, Hsp72 mRNA has been demonstrated to be elevated following exercise heat 

stress within leukocyte subsets including PBMCs (Fehrenbach et al. 200 I; Marshall et 

al. 2007) and lymphocytes (Moran et al. 2006; Mestre-Alfaro et al. 2012). These Hsp72 

mRNA increases were translated into elevated monocyte HSP72 concentrations in one 

study (Fehrenbach et al. 200 I) but not within PB!VICs in a later study (Marshall et at 

2007). A smaller T re increase of 38.9 °C was induced by the protocol used by (Marshall 

et al. 2007) compared to 39.6 - 39.8 °C (Fehrenbach et al. 2001 ). As HSP72 induction 

demonstrated to be temperature dependent as demonstrated following ex vim heat shock 

(McClung et al. 2008) and in vivo exercise heat stress (Mestre-Alfaro et al. 2012) this 

likely goes some way to explaining the t1bscrved responses. Methodological differences 

could also explain the differential responses because. PBMCs sampled by MarshaH et al 

(2007) predominantly consist of grnnulocytes which have a much smaller HSP72 

response than monocytes following 11x viw, heat shock (Oehler et al. 200 l) and exercise 



heat stress (Fehrenbach et al. 2001 ). Western blotting was used to measure HSP72 

immediately post exercise before the previous peak HSP72 concentrations occurring at 

24 hr post exercise (Fehrenbach et al. 2001 ). 

Four studies demonstrated HSP72 increases following acute exercise heat stress 

(Fehrenbach et al. 200 I; Ruell et al. 2007; Selkirk et al. 2009; Magalhaes et al.2010). In 

contrast, three recent studies demonstrated that HSP72 did not increase following acute 

exercise heat stress (Marshall et al. 2007; Yamada et al. 2007; Kuennen et al. 201 I). 

Peak Tre (average 38.9 °C) (Selkirk et al. 2009) and exercise intensity (average 48 % 

V02peak) (Liu et al. 2000) factors associated with HSP72 induction were lower than 

within the studies where HSP72 increases were observed (Marshall et al. 2007; Yamada 

et al. 2007; Kuennen et al. 2011) and therefore. are likely a factor in HSP72 not being 

induced. The tissue and technique utilised could also explain the divergent responses as 

studies where HSP72 did not increase used the least responsive tissue (PBMCs) and 

techniques for determining HSP72 (western blotting). while those papers which 

observed increases sampled responsive tissues (monocytes or lymphocytes) and utilised 

sensitive techniques (flow cytometry). 

One study investigated whether HSP72 increases following acute exercise heat stress 

were greater than exercise in temperate conditions. Similar increases were observed in 

both environmental conditions immediately post exercise (Fehrenbach et al. 200 I). 

However, HSP72 increases \vere greater at 24 hrs and 48 hrs following exercise in hot 

conditions (Fehrenbach et al. 200 I). After 6 d rest, both groups completed an identical 

experimental trial of exercise in a hot. environment. However, HSP7:! did not increase in 

the temperate group despite the greater thennal strain induced by the elevated 

environmental temperature and similar Hsp72 mRNA increases observed (Fehrenbach 

et al. 2001 ). Potential reasons could be exercise being allowed between experimental 

trials (Morton et al. 2006), an unknown heat acclimation history (McClung et al. 2008) 

or history of heat intolerance (Moran et al. 2006) an factors which effect the HSP72 

response and were not controlled for. Therefore. the HSP72 response of the temperate 

group places doubt over the conclusions of this study that acute exercise heat stress 

induces a further HSP72 increase cornpared to exercise in a tempemte environment. 



Table 2.3 Intracellular Hsp72 mRNA and HSP72 response to acute exertional heat stress 

Authors Intervention Tissue Technique Results 
(Fehrenbach et al. 
200 I) 

(Kuennen et al.2011) 

(~fagalhaes et al. 
2010) 
(Marshall et al. 2007) 

(Mestre-Alfaro et al. 
2012) 
(Moran et al. 2006) 

(Ruell et al. 2007) 

(Selkirk et al. 2009) 

{Watkins et al. 2007) 

(Yamada et al. 2007) 

2 x 60 min run at 90% !AT (1 week between]. 
NH 1st run at l 8°C, 2nd run at 28°C, 50% RH. 
HH Both rnns at 28°C, 50% RH. 
Heat tolerance test 45 min running at 50 % 
V02r,cak in 47 °C. 20% RH. 
Heat stress test (90 min running at 50 % 
V01pe.i1:) in 40 °C, 45% RH. 
2 hrs cycling at 38% V02pe;i1< in 38 °C. 60% 
RH. 
45 min running at 77% V01i-k in 32 °C. 78% 
RH. 
120 min Heat tolerance test (walking at 3.5 
mph in 40 °C, 40% RH. 
14 km road race ( 14.6 °C and 69 % RH) 
Control = runners who finished race. Patient= 
Runner ·who cnllapsed (heat exhaustion). 
Treadmill walking to EXH (4.5 km.h·': 2 % 
incline) in 40 °C, 3 % RH. 
Wearing nuclear, biological and chemical 
protective overgannent. 
60 min cycling at 70% VO.:max in 39 °C, 27% 
RH. 
100 min running at 56% V02peak in 43 °c. 27% 
RH. 

PBMC RT-PCR 
G, Ly FC 
M 
PBMC WB 

PBMC WB 

PBMC QPCR. WB 

Ly QPCR 

Ly RT-PCR 

Ly WB 

M FC 

VL WB 

PBMC WB 

PBMC Hsp72 mRNA j IP 
M j HSP72 IP, 24 hrs & 48 hrs 

N/C HSP72. 

i HSP72 IP & l hr post- 200 % &-350 % 

i Hsp72 mRNA IP (-275%) N/C HSP72 

j Hsp72 mRNA IP (14.7 fold) and 2 hrs post 
(4.4 fold) compared to basal (0.6 fold) 
j HSP72 at 60 min post. 
i Hsp72 mRNA at 60 min post. 
j HSP72 at 48 hrs (Control; -177 % patient; 
~ 3 77 %). Core temperature (Control; 40.4 
0 C. patient 41.1 °C) 
Trained t Hsp72+ cells at 38.5°C (32%), 
39°C (36%), 39.5 °C (37 %) & EXH (37%). 
Untrained N/C Hsp72+ cells Vs basal. i Vs 
Trained at basal & 38 °C. 
N/C HSP72 

N/S HSP72 i 161 % (IP) 

ELISA (Enzyme linked immun~;sorbent assay), EXH (Exhaustion). FC (Flow cytometry), G (Granulocytes), HH (Hyperthermia precondition group), HSP72 
(Heat shock protein 72). Hsp72 mRNA (Heat shock protein 72 mRNA), IAT (individual anaerobic threshold), IP (Immediately post exercise), km.h-1 

(kilometn..-s per hour). L (Leukocytes), Ly (Lymphocytes), M (Monocytes), N/C (No change), N/S (Non significant), NH (Normothermic preconditioning 
group), N!S (non significant), PBMC (Peripheral blood mononuclear cells), QPCR (Quantitative polymerase chain reaction), RH (Relative humidity), RT-PCR 
(Rea! time polymerase chain reaction), VL (Vastus lateralis}, V02r<ak (Maximum oxygen uptake), WB (Western blotting). 
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2.54 Heat shock protein 90 a response to exercise induced stressors 

Vastus lateralis Hsp90a mRNA increases have been observed following acute 

endurance exercise with a single study demonstrating a 6.1 fold increase 3 hrs post 

exercise (Neubauer et al. 2014). Although, this demonstrates Hsp90a mRNA is exercise 

responsive within skeletal muscle any increase requires verification via the gold 

standard measure of real time - quantitative PCR (RT-QPCR) because a microarray was 

utilised (Mahoney et al. 2008) a technique with a high level of intra and inter-individual 

variability (Bakay et al. 2002; Mahoney et al. 2004; Wittwei et al. 2004). Leukocyte 

Hsp90a mRNA also increased following acute exercise (30 min cycling) with a 1.5 fold 

increase observed (Connolly et al. 2004) and acute exercise heat stress with a 200 % 

increase observed (Moran et al. 2006). Data regarding whether the demonstrated 

Hsp90a mRNA responses are translated to elevated HSP90 protein concentrations are 

presently equivocal within two studies demonstrating no change following exercise 

(Fehrenbach et al. 2000; Shastry et al. 2002) while a third study demonstrated an 

increase (Brunelli et al. 2012). These contrasting results could be because trained 

athletes were used (Fehrenbach et al. 2000) who appear to have an attenuated cellular 

stress response following exercise (Morton et al. 2008). The use of exercise trials set at 

% V02max (Shastry et al. 2002) would induce large differences in metabolic strain 

between participants inducing a variable HSP90 response, while examining HSP90 

concentrations at 15 hrs and 24 hrs post exercise could have missed earlier increases. In 

contrast when participants exercised at a higher exercise intensity BSP90 concentrations 

increased (Brunelli et al. 2012) probably via elevated heat production as previously 

demonstrated during fixed duration steady state exercise at different exercise intensities 

(Smolander et al. 1991 ). The greater thermal strain could have elevated protein 

denaturation (Tre dependent) (Mestre-Alfaro et al. 2012) and induced HSP90. 

2.55 Glucose regulated protein 78 response to exercise induced stressors 

The Grp78 mRNA response has only been investigated following acute endurance 

exercise within the vastus latcralis with a single study demonstrating a 2.7 fold increase 

3 hrs post exercise (Neubauer et a!. 2014). Although, this an interesting development 
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demonstrating Grp78 mRNA is responsive m skeletal muscle for the first time, 

verification via real time - quantitative PCR (RT-QPCR) is required (Mahoney et al. 

2008). At a protein level GRP78 appears to be responsive within neutrophils 

(predominant leukocyte subset) as increases of ~ 150 % were observed following 8 

weeks of cycling at 70 % V02max for 30 min. 5 days a week (Su et al. 2011 ). However, 

the Grp78 mRNA or GRP78 responses have not been investigated following acute 

exercise heat stress and therefore. further research is required to determine the 

suitability of Grp78 mRNA as a marker ofthermotolerance. 

2.56 Summary of exercise induced HSP response 

In conclusion, Hsp72 mRNA expression and HSP72 concentrations are increased 

following exercise (within vastus lateralis and leukocytes), EIMD (within the vastus 

lateralis) and exercise heat stress (within leukocytes). Limitations of the current 

literature preclude conclusions as to whether combining stressors augments any HSP72 

increases compared to singular stressors (e.g. exercise, EIMD. exercise heat stress). 

Therefore, the best stressor to include within an acute preconditioning trial to induce 

HSP72 mediated therrnotolerance is unknown. 

Transcription of Hsp90a mRNA increases following exercise (within leukocytes and the 

vastus lateralis) and exercise heat stress (within leukocytes). The Hsp90a mRNA 

response to EIMD and exercise heat stress (within the vastus lateralis) is unknown. 

Vastus lateralis Grp78 mRNA increase following exercise but the response following 

EIMD and exercise heat stress is unknown. 

The Grp94 mRNA response to any exercise induced stressor is unknown. Therefore it is 

unclear which exercise induced stressor induces the largest Hsp90a mRNA, Grp78 

mRNA and Grp94 mRNA increases. 

Further, it is unclear whether Hsp90<:t mRNA. Grp78 mRNA and Grp94 mRNA can be 

used as markers of themiotolerancc. Table 2.4 summarises the heat shock protein 

system response to exercise induced stressors. 



Table 2.4 Tissue specific response of the heat shock protein system to exercise induced 
stressors 

Exercise EIMD EHS 
Leukocytes Skeletal Leukocytes Skeletal Leukocytes Skeletal 

muscle muscle muscle 
Hsp72 mRNA i i X i i X 

HSP72 i i X i i Unclear 
Hsp90o. mRNA j? i X X i X 

HSP90 i X X X X X 
Grp78 mRNA X i X X X X 
Grp94 mRNA X X X X X X 

i (evidence for increases), i? (Likely increases although data from studies with critical methodological 
flaws), Unclear (evidence equivocal or existing studies critically flawed), X (response not investigated). 

Experimental considerations 

The literature review highlighted these important experimental design considerations: 

i) Muscle biopsies should be obtained far enough apart (3 cm) to avoid the 

effects of muscle damage induced by previous biopsies (Khassaf et al. 2001 ). 

ii) Exercise intensities should be based upon the lactate threshold rather than as 

a percentage of VO:max to minimise variation in metabolic strain (Baldwin et 

al. 2000) a key factor associated with HSP72 induction (Liu et al. 2000). 

iii) Muscle biopsies should be obtained at 24 hr and 48 hrs to ensure peak 

HSP72 increases are determined (Tupling et al. 2007). 

iv) Importance of experimental controls to reduce variability of HSP response. 

v) Venous blood samples should be obtained immediately post exercise where 

Hsp72 mRNA (Fehrenbach et al. 2001; Walsh et al. 2001) and Hsp90a. 

mRNA expression (Moran et al. 2006) increases were previously observed. 

vi) Venous blood samples should be obtained 3 hrs and 24 hrs post exercise 

because Grp78 mRNA and Grp94 mRNA increases occur later within in 

vitro models (Ron and \Valter 2007; Hddens et al. 201 l) and at 3hrs post 

exercise within the single human study conducted (Neubauer et ai. 2014 ). 

vii) Downhill running should be used as it increases EIMD (Feasson et al. 2002), 

thennal strain and Hsp72 mRNA (Thompson et al. 2003). To induce EIMD 

via isokinctic muscle contractions would require passive heating which does 
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not induce HSP72 within humans in the vastus lateralis (Morton et al. 2007) 

or PBMCs (Lovell et al. 2008). 

2.6 Overall summary 

The literature review suggests investigating the validity of an exercise based acute 

preconditioning trial is warranted in situations where time limitations preclude heat 

acclimation, because existing acute interventions either have limited ecological validity 

or require further research to ensure exertional heat illness risk is not increased. 

An acute trial of downhill running in a hot environment could be a suitable intervention 

to attenuate exercising T,c and elevate basal HSP72 concentrations. While, Hsp90a 

mRNA, Grp78 mRNA and Grp94 rnRNA are potentially markers ofthermotolerance. 

Therefore the objective of this series of experiments were to: 

i) Determine whether downhill running and exercise in a hot environment 

induced larger exercising Tr~• leukocyte Hsp72 mRNA, Hsp90a mRNA. 

Grp78 mRNA and Grp94 mRNA increases than flat running and exercise in 

a temperate environment. 

ii) Determine whether dmvnhill nmning in a hot environment induces a reduces 

exercising Tre, heart rate and delayed onset muscle soreness (DOMS) during 

an identical experimental trial completed 7 d later. 

iii) Determine whether downhill running in a hot environment attenuates the 

cellular stress response (attenuated Hsp72 mRNA. Hsp90et mRNA, Grp78 

mRNA and Grp94 mRNA response) in either the vastus lateralis or 

leukocytes during an identical experimental trial 7 d later. 

iv) Determine whether downhill running in a h()t environment increases basal 

HSP72 concentrations. 

v) Determine whether the leukocyte H.sp72 mRi'JA, Hsp90o: mRNA, Grp78 

mRNA and Grp94 mRNA can be used as a surrogate for changes in vastus 

lateralis Hsp72 mRNA, Hsp90« mRNA, Grp78 mRNA and Grp94 mRNA. 
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Chapter 3 General methods. 

3.1 Participants and anthropometric data 

3.11 Participants 

Experiments within this thesis were conducted on recreationally active males aged 

between 18 and 25 yr old (See experimental chapters for specific details). Participants 

were non smokers as cigarette smoke increases basal HSP72 (Anbarasi et al. 2006). 

3.12 Anthropometric data 

Body mass (kg), height (cm). muscle mass (%) and fat mass (%) were used as 

descriptive data and to allocate participants to experimental groups. Each respective 

variable was measured using a single mechanical scale (Weylux Marsden 424, Henley 

on Thames, UK). a stadiometer (Ifarpenden HAR- 98.602) and air displacement 

plethysmology (Bod Pod 2000A, Cosmed. Concord, California). 

3.2 Experimental design 

3.21 Measurement of lactate threshold & VO, . 
.,,f)ll!.11 

The LT and V02max were quantified prior tu each experiment using a graded treadmill 

test. This consisted of 6-8 incremental 3 min stages at a I gradient. Participants 

started running at 8-9 km.h· 1 and running velocity was increased by l km.h·' per stage 

until exhaustion (Jones 2007). Finger tip capillary blood lactate samples (40 µL) were 

taken at rest and at the end of each 3 min stage allowing LT to be determined by 

plotting blood lactate concentrations {B[La]J against running velocity. Lactate threshold 

was defined as the first sustained increase in B[La] above baseline (Jones, 2007). 

Pulmonary gas exchange was measured breath by breath using an online gas analysis 

system (Cortex Metalyser 28. Bi()physik, Leipz.ig. Gerrnany) to measure changes in 

oxygen uptake {V02) with the highest V02 attained over a 30 s period accepted as 
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V0 2max (Jones, 2007). The inter test co-efficient of variation (CV) for this test 1s 

presented below in table 3.1. 

Table 3.1 Graded treadmill test coefficient of variation 

Variable Unit CV(%) 
Lactate threshold (Velocity) 
Lactate threshold (V02) 

km.11° 1 
. -11 k m. g.mm 

0 
1.6 

V02max (Velocity) km.h· 1 2.0 

V02max ml.kg.min· 1 1.7 

3.22 Familiarisation to downhill running. 

15 min after the V02mux test was completed the downhill running velocity of each 

participant was determined. Participants ran either three stages lasting 2:30 - 4 min 

(until V02 uptake reached a plateau) downhill (-10% gradient). Participants ran at 3, 3.5 

and 4 km.h· 1 faster than the velocity \vhich elicited LT on a l% gradient as these 

velocities elicited a similar steady state V02 consumption during pilot testing and within 

previous literature (Park et al, 2011 ). The velocity at which the same steady state V02 

was elicited was used for the downhill experimental trials. 

3.23 Experimental trials 

Experimental trials were completed in an environmental chamber (WatFlow control 

system; TISS, custom built, Hampshire, UK). Environmental conditions (ambient 

temperature and relative humidity) were monitored continuously using a calibrated 

handheld hygrometer/thermometer (Comark N006, Hertfordshire, UK) and via the 

thermometer and hygrometer linked to the chamber control panel. Average 

environmental conditions were 30.4 ± 0.4 °C and 51.2 :!:: i .5 % RH at 30 °C, 50 % RH 

and 20.1 ± 0.1 °C and 50.6 ± 1.3 % RH at 20 50%RH. 
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3.3 Exercise physiology measurements & apparatus 

3.31 Determination of blood lactate concentrations 

Fingertip capillary whole blood samples were obtained to determine B[La] and blood 

glucose (B[Glu]) concentrations. For B[La] sampling the fingertip was cleaned with an 

alcohol swab and allowed to air dry. The skin was then punctured with an automated 

lancet (Haemolance, Prospect Diagnostics, Dronfield, UK), the first drop of blood was 

wiped away and the free flowing sample collected into a lithium heparin coated 

capillary tube (Analox. Stokeslcy, UK). The capillary tube was tilted back and forth for 

60 s to mix the sample with the lithium heparin additive and then analysed immediately 

with an automated analyser (YSI 2300 Stat Plus, YSI, Fleet, UK) calibrated using the 

manufacturers standard (lactate reagent 8 mmor1, Analox, Stokesley, UK). The intra

assay CV for B[Glu] was 2.65%. 

To measure B[Glu] capillary blood was collected into a lithium heparin coated tube 

(Microvette CB300. Sarstedt Ltd, Leicester, UK) and was analysed immediately with an 

automated analyser (YSI 2300 Stat Plus, YSI, Fleet, UK) calibrated using the 

manufacturers standard (glucose reagent 8 mmor1, Analox). The intra-assay CV for 

B[Glu] was 3.23 %. 

3.32 Determination of oxvgen uptake 

Pulmonary gas exchange was measured breath by breath using an online gas analysis 

system (Cortex Metalyser 2B, Biophysik. Leipzig, Germany) to measure changes in 

VO2. During the experimental trials V02 was averaged over 5 s periods. The average of 

six 5 s periods (30 s total) from 15 s before to 15 s after each time interval \Vere taken as 

the oxygen uptake at that time interval. 

3.33 Measurement of Heart rate and subjective measures 

Heart rate was recorded continuously fro111 a Polar telemetric HR monitor (attached to 

the chest) onto the cortex mctalyser while Rate of Perceived Exertion (RPE) (Borg 



1970) and Thennal Sensation (TS) (Toner et al. 1986) were measured at rest and every 

5 min during experimental conditions. 

3.34 Rectal temperature 

Rectal Temperature (Tre) was measured continuously using a rectal thermistor (Tre; 

Henleys 400H/449 I H, Welwyn Garden City, UK) inserted 10cm past the anal sphincter. 

The signal was amplified and measured using a temperature monitor (ET402, Libra 

Medical, Reading, UK). This temperature monitor was calibrated using resistance 

standards traceable to the national institute of standards and technology and was within 

the suggested limit of± 0.015 °Cat 0 °C (- 0.003 °C), 40 °C (39.997 °C) and± 0.030 

°C at 80 °C (79.977 °C). Rectal thermistors had an accuracy of ± 0.2 °C during 

manufacturer testing. Participants were removed from the environmental chamber if Tre 

reached the ethical safety limit of 39. 7 °C or core temperature increased by 2 °C from 

resting, as recommended by the institutional ethical board. 

3.35 Skin temperature 

Thermistors (EUS-U-VS5-0, Grant Instruments, Carnbridge, UK) were attached to the 

pectoralis major, triceps brachii (lateral head), rectus femoris and gastrocnemius (lateral 

head) on the right side of the body (\vhen stood in the anatomical position (Ramanathan 

1964)) and skin temperature (Tsk) was recorded continuously via a data logger (Squirrel 

meter logger, Grant Instruments, Cambridge, UK). Mean skin temperature was 

calculated from equation 1.0 (Ramanathan 1964). 

Equation 1.0. Calculation of mean skin temperature 

1~k = 0.3 (f,hest + !,,,.,,J + 0.2 {ft111gh -1- lcaljJ• 

The squirrel system (data logger and 4 thennistors) \\ere calibrated at a UKAS 

accredited calibration laboratory (Tresca! Ltd) against reference temperature of 10 °C 

and 40 °C with an average difference of0.051°C and 0.284 °C observed. 
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3.36 Measurements of delayed onset muscle soreness 

Non invasive measures of delayed onset muscle soreness (DOMS) were recorded 

immediately before (basal), immediately post, 3 hrs post, 24 hrs post (experimental 

chapter I and 2; chapter 4 and 5) and 48 hrs (chapter 5) post exercise to infer whether 

EIMD had occurred. Quadriceps tenderness was measured in accordance with a 

previously validated method using an analogue force gauge (Cleary et al. 2006). 

Quadriceps tenderness was always measured on the non-biopsied leg due to the 

lidocaine induced elevation of the pain threshold (Jensen et al. 1986). Sampling 

locations were always within the belly of each muscle as distal and proximal locations 

have a lower pain threshold at rest and a more viable tenderness response (Baker et al. 

1997). Within this laboratory this method had a CV of 3.17 %. Perceived muscle 

soreness was measured using the visual analogue scale of pain (VAS) and was assessed 

along a 10 cm scale (0 =no soreness, l O == extreme soreness). Within this laboratory 

this method had a CV of 1.2 %. 

3.37 Bodv mass and urine osmolarity (UOsm) 

Before experimental trials each pa1ticipant's body mass (wearing underwear only) was 

obtained using a single mechanical scale (Weylux Marsden 424, Henley on Thames, 

UK). Hydration status was measured using a handheld digital refractometer 

(Osmocheck, Vitech Scientific Ltd, Hon:ham, l)K}. Participants were classified as 

euhydrated if UOsm was between 200 and 600 mOsmols.kg H20 (Annstrong et al. 

1994). If dehydrated the experimenter instructed the participant to consume 250 - 500 

mL of water (H20) prior to a retest 30 min later. All participants were euhydrated prior 

to commencing experimental trials. 

3.38 Plasma Volume 

Haematocrit (Hct) and haemoglobin (Hb) were measured from fingertip capillary blood 

samples obtained before experimental trials after participants had been in a standing 

posture for 20 min to standardise posture mediated PY variations (Hagan et al. 1978). 

Fingertip capillary whole blood samples were obtained in triplicate into heparinised 
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capillary tubes (Hawksley & Sons Ltd, UK, Lancing, UK) which were centrifuged at 

5,000 RPM for 5 min (Hawksley Micro Haematocrit centrifuge, Hawksley & Sons Ltd, 

UK, Lancing, UK) and read from the Hawksley Micro haematocrit reader (Hawksley & 

Sons Ltd, UK, Lancing, UK) to determine Hct. Triplicate samples were obtained with 

microcurvettes and were measured on B-Haemoglobin photometer (Hb 201 +, Hemocue 

Ltd, Dronfield, UK) calibrated with a standard 128 gHB i-1 to determine Hb 

concentrations. Plasma volume was estimated using equation 1.1: 

Equation 1.1: Calculation of plasma volume (Dill and Costill 1974) 

Blood volume rest day 1 JOO%. 

Blood volume Rest day 7 = Blood volume day I * (Hb day 1 I Hb day 7). 

Red cell volume % hlood volume * (Hct/ I 00)c::c 

Plasma volume % = blood volume % - red cell volume %. 

Day 1 is before either the TPGTEMPFI.AT or HPGHOTIX)WNI experimental trials while 

Day 7 is before the TPGHOTrx,wN or HPGHOTr>owN2 experimental trials (dependent on 

whether participants are within the temperate or hot preconditioning groups). This 

method has been used during previous studies to detennine resting PY changes over 

multiple days during non exercising (control) conditions, exercise training and heat 

acclimation (Nielsen et al. 1993; Lorenzo et al. 20 IO; Racinais et al. 2012; Garrett et al. 

2014). The intra-assay CV for Hb and Hct measurements were 2.31 % and 1.37 % 

respectively. 

3.4 Molecular Physiology measurements & apparatus 

3.41 Leukocyte isolation & RNA extraction 

Venous blood was obtained from the antecubitat vein into a 6 ml EDTA tube (K.2, 

Grenier Bio One). Using an adaptation of a previously validatt-d method (Sandstroem et 

al. 2009). 500 µL of venous blo(.id was pipetted into lO rnL. of 1 in lO red blood cell 
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lysis solution ( 1 OX red blood Cell Lysis Solution, Miltenyi Biotech, UK). Samples were 

incubated for 15 min at room temperature and then isolated via centrifugation at 400 G 

for 5 min and washed twice in 2 mL PBS at 400 G for 5 min. A previously validated 

method was used to extract RNA from the leukocytes (Chomczynski and Sacchi 1987). 

TRI-reagent (200 µL; Sigma Aldrich, Poole, Dorset) was added and samples were 

incubated on ice for I O min. Chloroform (40 µL~ Sigma Aldrich, Poole, Dorset) was 

added and each sample was vortexed for 15 s prior to the centrifugation of samples at 

17,000 G for 15 min. The aqueous layer containing the RNA was then removed and 

placed in a separate 1.5 mL centrifuge tube to which an equal amount (~ 100 µL) of 

isopropanol (Sigma Aldrich, Poole, Dorset) was added. Samples were then vortexed for 

15 s, placed on ice for 15 min and centrifuged for 15 min at 17,000 G. The supernatant 

was then discarded and the RNA pellet \Vas washed with l 00 µL 75% ethanol (Sigma 

Aldrich, Poole, Dorset) and centrifuged for 8 min at 5.400 G. The ethanol was then 

discarded and the samples \Vere centrifuged for a further 30 s at 17,000 G to spin any 

remaining supernatant to the bottom of the tube for removal via pipetting. The RNA 

pellet was air dried for 10 min prior to being resuspended in 50 µL of RNA storage 

solution (The RNA storage Solution, Ambion). Quantity was determined at an optical 

density of 260 nm while quality was determined via the 260/ 280 and 260/ 230 ratios 

using a nanodrop spectrophotometer (Nanodrop 2000c Thermo Scientific). 

3.42 Muscle Biopsv procedure 

Muscle biopsies (approximately 20-30 mg) were obtained from the lateral portion of the 

vastus lateralis under local anaesthetic (3-5 mL 2% IOOmg/ 5ml Lidocaine 

hydrochloride) using a Bard Monopty Disposable Core Biopsy Instrument 12 G x lO cm 

length (Bard medical. Crawley. UK). All muscle biopsies were performed by qualified 

surgeons from Milton Keynes General Hospital. Samples were frozen immediately with 

liquid nitrogen and placed in a -- 80 freezer until further analysis. Each biopsy was 

performed 3 cm distal to each previ<ms incision to ensure muscle damage from previous 

incisions did not influence the Hsp72 mRNA. Hsp90a mRNA, Grp78 mRNA and 

Grp94 mRNA or l ISP72 responses (Kha.,:,;saf et al. 200 I). 
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3.43 Skeletal muscle RNA extraction 

A 20-30 mg piece of frozen tissue was ground to powder under liquid nitrogen, 

homogenised (!KA TIO basic homogeniser, Fisher Scientific, Loughborough, UK) in 1 

mL of Trizol reagent and incubated on ice for 10 min. Chloroform (200 µL; Sigma 

Aldrich, Poole, Dorset) was added and each sample was vortexed for 15 s and then 

incubated for 10 min on ice before centrifugation at 17,000 G for 15 min. The aqueous 

layer containing the RNA was then removed and placed in a separate 1.5 mL centrifuge 

tube into which an equal amount (400-600 µL) of isopropanol (Sigma Aldrich, Poole, 

Dorset) was added. Samples were then vortexed for 15 s, placed on ice for 15 min and 

centrifuged for 15 min at 17,000 G. The supernatant was then discarded and the RNA 

pellet was washed with 800 µL 75% ethanol (Sigma Aldrich, Poole, Dorset) and 

centrifuged for 8 min at 5.400 G. The ethanol was then discarded and the samples were 

centrifuged for a further 30 s at 17,000 G to spin any remaining supernatant to the 

bottom of the tube for removal via pipetting. The RNA pellet was air dried for 10 min 

prior to being resuspended in 50 µL of RNA storage solution (The RNA storage 

Solution, Ambion). Quantity was detem1ined at an optical density of 260 nm while 

quality was determined via the 260/ 280 and 260/ 230 ratios using a nanodrop 

spectrophotometer (Nanodrop 2000c Thermo Scientific). 

3.44 One step reverse transcription quantitative polymerase chain reaction (RT-OPCR) 

Primers (see table 3.2) were designed using primer design software (Primer Quest and 

Oligoanalyzer - Integrated DNA technologies). During primer design sequence 

homology searches were performed against the Genbank database to ensure the primers 

matched the gene of interest. Primers were designed to span exon~intron boundaries and 

avoided three or more GC bases within the last 5 bases at the 3' end of primer to avoid 

non specific binding. Further searches were performed to ensure primers did not contain 

secondary structures and inter or intra molecular interactions (hairpins, Sclf--dimer and 

cross dimers) which can inhibit product amplification. Primer sets were validated via 

conventional PCR and agamse gel electrophoresis to ensure the correct product size was 

amplified. Hsp relative mRNA expression (Hsp) was then quantified using RT-QPCR. 
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20 µL reactions containing I 0 µL SYBR-Green RT-PCR Mastennix (Quantifast 

SYBRgreen Kit, Qiagen), 0.15 µL forward primer, 0.15 µL reverse primer, 0.2 µL 

reverse transcription mix (Quantifast RT Mix, Qiagen) and 9.5 µL sample (70 ng 

RNA/µl) were prepared using the Qiagility automated pipetting system (Qiagen, 

Crawley, UK). Each reaction was amplified in a thermal cycler (Rotorgene Q, Qiagen) 

and involved reverse transcription lasting I O min at 50 °C and a transcriptase 

inactivation and initial denaturation phase lasting 5 min at 95 °C. The PCR reaction then 

followed with a denaturation step lasting 10 s at 95 °C and a primer annealing and 

extension stage lasting 30 s at 60 °C repeated for 40 cycles. Fluorescence was measured 

following each cycle as a result of the incorporation of SYBR green dye into the 

amplified PCR product. Melt curves (50 to 95°C; Ramp protocol 5s stages) were 

analysed for each reaction to ensure only the single gene of interest was amplified. 

Table 3.2 Primer sequences. 

Gene NCBI Primer Sequence (5' - 3') Amplicon 
Accession# length 

~2- NM 004048 Forward CCGTGTGAACCATGTGACT 91 
Microglobulin Reverse TGCGGCATCTTCAAACCT 
(~2-M) 
Grp78 NM 005347 Forward TGGAGGTGGGCAAACAAAGACA 154 

Reverse TGCTTGGCGTTGGGCATCATTA 
Grp94 NM 003299 Forward ACGGGCAAGGACATCTCTACAA 171 

Reverse TGACCGAAGCGTTGCTGTTT 
Hsp72 NM_005345 Forward CGCAACGTGCTCATCTTTGA 198 

Reverse TCGCTTGTTCTGGCTGATGT 
Hsp90a NM 001017 Forward AAACTGCGCTCCTGTCTTCT 180 
(variant 1 & 963 & Reverse TGCGTGATGTGTCGTCATCT 
variant 2) NM 005348 
3' (3 primer end}, 5' (5 primer end), Grp78 (Glucose regulated protein 78), Grp94 (Glucose regulated 
protein 94 ), Hsp72 (Heat shock protein 72), Hsp90a (Heat shock protein 90 a). 

The relative quantification of mRNA expression for each sample was assessed by 

determining the ratio between the Cr value for the gene of interest and the CT values for 

~2-Microglobulin (See equation 1.2). Fold change in relative mRNA expression was 

calculated using the 2-MCT method (See equation 1.2) (Schmittgen and Livak 2008). 
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Equation 1.2 Delta Delta Ct (LiLiC1) (Schmittgen and Livak 2008) 

Equation I: L\Cr = Mean CT (Gene of interest, experimental sample) - Mean CT 

(Housekeeping gene, experimental sample). 

Equation 2: LiCr = Mean C 1 (Gene of interest, calibrator) - Mean Cr (Housekeeping 

gene, calibrator). 

Equation 3: Lil\C-r =LiCr ofequation I - LiCr of equation 2. 

Equation 4: 2"'"'\cT (gives a normalised expression ratio). 

The mean Cr is the average Cr of a gene at a specific time point in duplicate. The 

calibrator is the sample which was given a value of 1.0 fold and which all other time 

points are expressed relative to. The experimental sample is any time point or condition 

other than the calibrator. 

The intra-assay CV for ~2-M mRNA. Hsp72 mRNA, Hsp90et mRNA, Grp78 mRNA 

and Grp94 mRNA were 0.55 %, 0.34 %, 0.28 %, 0.37 % and 0.38 % respectively. 

3.45 Reference gene selection 

~2-Microglobulin (~2-M) was selected because it is stable following endurance and 

resistance exercise for up to 24 hrs post exercise in human skeletal muscle in viva 

(Mahoney et al. 2004). Stability of ~2-M was confirmed within the current experimental 

design. Raw Cr values for fn-M from all conditions \Vere pooled and analysed over the 

experimental time course in the VL (figure 3.1) and leukocytes (figure 3.2). Differences 

were analysed using a one factor linear mixed model for each individual tissue of 

interest. Neither vastus lateralis ~2-M (F =0.693. p = 0.599; figure 3.1) or leukocyte P2-
M (F = 1.244. p = 0.300; figure 3.2) changed with time as a main effects. Pairwise 

comparisons between individual timepoints were p > 0.999 for VL P2-M. Pairwise 

comparisons between basal mid immediate post exercise were p = 0.529 and p > 0.999 

for all other times for leukocyte ~2-M. This suggests ~2-M is a suitable reference gene. 
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Figure 3.1 Vastus !ateralis ~2-Microglobulin raw C-r values, median (interquartile range) immediately 
before (basal). immediately post (IP}. 3 hrs post (3 hrs), 24 hrs post (24 hrs) and 48 hrs post exercise (48 
hrs). 
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Figure 3.2 Leukocyte ~2-Microglobulin ra,v C'r values. median (interquartile range) immediately before 
(basal). immediately post (IP), 3 hrs post (3 hrs), 24 hrs post (24 hrs) and 48 hrs post exercise (48 hrs). 

3.5 Protein extraction and Western Blotting 

3.51 Protein extraction from skeletal muscle samples 

A 20-30 mg piece of frozen tissue \Vas ground to powder under liquid nitrogen and 

homogenised (IKA TIO ba$ic homogeniser. Fisher Scientific. Loughborough, UK) in 

120 µL of ice cold protein lysis huffc:r (See table 3.3). H<>mogenates were centrifuged at 

17,000 G for 10 min and the supernatant was collected and fmzen at -80°C until use. 
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The protein content of the supernatant was determined in triplicate using a Pierce 660 

nm protein assay (Thermoscientific. USA). A range of protein standards (0- 2000 µg/ 

mL) were prepared from pre prepared bovine serum albumin (BSA) standards supplied 

with the pierce 660 nm protein assay. A standard or sample (4 µL) and 60 µL of Pierce 

660 nm reagent were added to each well on a 96 well plate, and were mixed and 

incubated for 5 min at room temperature. Absorbance was read at 660 nm on a plate 

reader (Thermoscientific Varioskan Flash) and the protein concentration was calculated 

from the standard curve. 

Table 3.3 Protein lysis buffer ingredients. 

Buffer Ingredients 
Protein lysis buffer 25mM Tris/Hcl [pH 7.4], 50 mM sodium fluoride (NaF), 100 mM 

sodium chloride (NaCl), 5 mM EGTA, I mM EDTA, 5 mM Na
Pyrophosphatase, I mM sodium orthovanadate (Na3VO4), 0.27 M 
Sucrose. I ~'<> triton X-100, 0.1% 2-mercaptoethanol and 1 
protease inhibitor tablet (Complete mini, Roche Applied Science, 
West Sussex, UK). 

EDT A (Ethylenediaminetctraacetic acid), EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'
tetraacetic acid), mM (millimolar). 

3.52 Protein separation via sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) 

Protein samples were thawed on ice. and spun for 2 min at 14,000 G to pellet any 

cellular debris. Protein samples (40 µg) were then placed in a new tube, mixed I: I with 

sample buffer (see table 3.3) and boiled for 5 min at 100°C on a heat block (Techne Ori

Block DB-3, Bibby Scientific, Stone, UK). Samples in duplicate and a biotinlyated 

protein detection ladder (Cell Signalling 7727s, Nev, England Biolabs, Hitchin, UK) 

were then immediately loaded on to self cast gels ( 4 °1ci stacking and 12% resolving) and 

separated via SDS-PAGE (Biorad :v1ini Protean system. Herne! Hempstead, UK) in 1 X 

Tris-Glycine running buffer (see table 3.4). Samples ,,ere run at 80V until the 

bromophenol dye: reached the end of the stacking gel (stack line) to em;ure all proteins 

were together prior to separation. Electrophoresis then continued at 120V until the 

bromophenol dye reached the bottom of the resolving gel. 
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Figure 3.3 Coomassie blue stain showing protein separation following SDS -PAGE. 

Table 3.4 SOS-PAGE reagents. 

Buffer Jn°redients 
Tris-HCI 1.5 M pH 36.342g Tris Base, 200 ml dH20. adjust pH to 8.8 . 
8.8 
Tris HCI I M pH 24.228g Tris Base, 200 ml dH 20, adjust pH to 6.8 . 
6.8 
Resolving gel 6.7 ml dH20, 8 mL acrylamide (30% /v), 5 mL 1.5M Tris-Hcl , 
(20 ml; 12 %) 0.2 ml sodium dodecyl su lphate (S OS ; l0% W/v), 0.1 mL 

ammonium persulphate (APS), l O µL tetramethylethylenediamine 
(TEMEO). 

Stacking gel 6.05 ml dH20, 1.3 mL acrylamide (30% W/v), 2.5 ml 1.5M Tris 
(10 ml; 4 %) Hcl, 0.1 mL SOS (10% W/v). 0.05 mL APS, 10 µL TEMEO. 
Sample buffer 4 ml (25%) dH20, l mL (6.25%) I M Tris Hcl pH 6.8, 0.8 mL 

(5%) glycerol, 1.6g (10 %; W/v) SOS, 0.4 mL (2.5 %) 2-
mercaptoethanol, 0.2 mL (0 .05%; W /v) bromophenol blue. 

]Ox Tris-Gl ycine 30.3g Tris base, 144g glyc ine, IOg SDS in lL dH20. 
buffer 
dH2O (distilled water), W/v (mass concentration). 

3.53 Prot in transfer and w st rn blot 

Following the SOS-PAG the resolving gel was placed on top of a nitrocellulose 

membrane (Whatman Protran BA 79, Sigma, Poole, Dorset). The gel and membrane 

were then sandwiched between two layers of fi lter paper (Biorad Criteri n blotter Filter 

paper, Herne! Hempstead, UK) and a blotter fibre pad (Biorad Criterion blotter Fibre 

pads, Herne! Hempstead , UK) wh ich had been pre soaked in transfer buffer for 10 min 

and placed within the criterion blotter cassette. 

54 



Cwre,u 
dirtction 

~ Fibrcp•d 

:;,;,;,;,;,;,;,;,;,;,;,;,;,;,;,;,;;;;;;;;=~ Anode(•) 

Figure 3.4 Schematic il lustration of the transfer procedure. 

The cassette was then placed into the transfer apparatus (Biorad Criterion BI tter. 

Herne] Hempstead , UK) and was run for 2 hrs at 35mA in transfer buffer (see table 3.5) 

to transfer proteins from the resolving gel to the nitrocellulose membrane. Membranes 

were stained with Ponceau-S to confirm protein transfer . 

Figure 3.5. Ponceau-S stain. 

Membranes were then washed 3 x 5 min on a gyrorocker (Stuart Gyrorocker SSL3, 

Bibby Scientific, Stone, UK) in l0 mL Tris buffered saline-tween (TBST). Membranes 

were blocked at room temperature for 60 min in 10 mL blocking buffer (see table 3.5) 

to mini mise background noise during imaging. Membranes were then washed (3 x 5 

min in TBST) and inc ubated vernight (- 16 hrs) at 4 °C wi th primary antibodies fo r 

HSP72 (ADI-810-SPA ; - nzo life sciences, Exeter, UK) or GAPDH (Cell s igna lling 

21 18, New ngland Bio labs, Hitchin, UK) at concentrations of 1 :2000 and l : 10000 in 

TBST respectively . 

The next morning, membranes were washed again (3 x 5 min in T BST) and incubated at 

room temperature for 60 min in secondary antibodies fo r HSP72 (anti species 
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horseradish peroxidise-conjugated secondary antibody; Sigma A2554, Poole, Dorset) 

diluted 1 :2,000 or GAPDH (anti species horseradish peroxidise-conjugated secondary 

antibody; Bio-rad. UK 170-5046, Herne! Hempstead, UK) diluted 1 :20,000. Following a 

further series of washes (3 x 5 min in TBST) membranes were incubated in a 

chemiluminescence liquid (SupersignaL Thermo Fisher Scientific, Rockford, IL, USA) 

for 5 min. Membranes were exposed (30 x 2 s exposures for HSP72 and GAPDH) using 

a Bio-Rad Chemi-doc system, and band densities were determined using Quantity One 

image-analysis sofhvare. 

Blots were conducted for HSP72 first. Membranes were then washed (3 x 5 min in 

TBST). incubated within a stripping buffer (see table 3.5) for 90 min on a gyrorocker 

and then washed (3 x 5 min in TBST). The blot for GAPDH then commenced from the 

blocking phase as above. 

Table 3.5 Western blotting buffer and antibody dilution ingredients. 

Buffer Ingredients 
I x Transfer buffer 3.02 g Tris base, 14.4 g gly<.:ine. 200 mL methanol, 800 mL 

dH20. 
10 X TBS (11) 24.2g Tris base. 80g NaCL I L dH10. pH adjusted to 7.6. 
Blocking buffer I mL IO X Tris buffered saline (TBS), 9 mL dH20, 0.5g milk 

(non fat blotting grade. milk. Biorad), 10 µL tween 20 (Sigma). 

Primary antibody I mL IO X TBS. 9 mL dH20, 0.3g milk (non fat blotting grade, 
dilution (Hsp72) milk, Biorad), 10 µL tween 20 (Sigma), 5 µL Hsp72 primary 

antibody (ADI-8 IO-SPA). 
Secondary I mL IO X TBS, 9 mL dH.::O. 0.5g milk (non fat blotting grade, 
antibody dilution milk, Biorad). IO pL tv,,.een 20 (Sigma), l µL Sigma A2554 
(Hsp72) sec(mdary antibridy. 
Primary antibody l mL lO X TBS, 9 mL dH20. 0.5g milk (non fat blotting grade, 
dilution (GAPDH) milk. Biorad). IO µL tween 20 (Sigma), 1 µL GAPDH primary 

antibody (Cell signaUing 21 l8). 
Secondary I ml, 10 X TBS. 9 mL dH 2CL 0.5g milk (non fat blotting grade, 
antibody dilution milk, Biornd), lO µL tween 20 (Sigma), 1 µL Biorad UK 170-
(GAPDH) 5046 secondary antibody. 
Stripping buffer 100 mL dI120, 0.8 g glycine. ().06 g SDS. 600 µL Tween-20. pH 

adjusted to 2.2. 
_d_H_2_0_(_d-ist_il_lc-d-w-a-tc-r)-.__G_,A._P_ntr-((ilycer:~ydc- ~~pho,-,phate dehydrogenase), HSP72 (Heat shock 

protein 72), NaCl (Sodium chloride), SOS (Sodium dodecyi sulphate). TBS (Tris buffered saline), TBST 
(Tris buffered saline tween}. 



3.54 Western blotting an tibody optimisation 

Prior to optimisation, the pro tein concentrati ons of all experimental samples were 

quantified (see section 3.51 - 3.53 for method). The highest protein co ncentration that 

could be loaded to measure all sample in duplicate was 40 µg. Western blots had 

previously been successfully conducted in a collaborat ing lab (James Morton's lab at 

Liverpool John Moores University) for HSP72 w ith prote in sam ple · loaded at a 

concentration of 50 µg, primary antibody (Enzo life sci nces; ADI-81 0-SPA, Exeter. 

UK) diluted 1 :2000 and secondary antibody (Bio-rad, UK 170-5046, Herne! Hempstead, 

UK) at 1:20,000. To ensure the viability of these antibody dilutions, sample were 

loaded at protein concentrations of l O µg, 20 ~tg, 30 µg and 40 ~tg (figure 3.6) and 

western blotting conducted as per sections 3.52 and 3.53 . Bands were observed at 30 µg 

and 40 µg , with the clearest band observed in the samples loaded at a concentrat ion of 

40 µg (figure 3.7). Therefore, all subsequent experimenta l samp les were run at 40 µg. 

To confirm the molecular weight of the HSP 72 protein bands. the band· btained were 

measured relative to a biotinlyated protein detection ladder (Cell Signalling 7727s) via 

the molecular weight analysis tool within the Quantity One image analys is software. 

__1 o_ _µ_g__l I..__2_o_µ_g__l l ..__3_o_µ_g_ _ l I..__4_o_µ_g_ _ 

Figure 3.6 Protein concentrations optimisation experiment. Image showing experiment conducted to 
optimise the protein concentration of experimentaJ samples loaded onto each SDS-PAGE gel to quantify 
HSP72 concentrations. µg (microgram) . 
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3.55 Housekeeping protein: Rationale for use & validation. 

Within experimental chapter 3 (chapter 6) HSP72 was normalised to GAPDH. This 

ensured any HSP72 changes observed were not caused by variations in the amount of 

sample loaded. To confirm GAPDH stability within the current experimental design, 

data showing the % change in GAPDH concentrations over time within all conditions 

(pooled) is shown below in the vastus lateralis (figure 3.7). Statistical analysis was 

conducted using a one factor linear mixed model. Vastus lateralis GAPDH (F = 0.863, p 

= 0.493; figure 3.7) did not change with time and therefore, GAPDH is a suitable 

housekeeping protein. 

~ .311 
Time 

Figure 3.7 Vastus lateralis GAPDH protein concentrations median (interquartile range) immediately 
before (basal), immediately post {IP). 3 hrs pr)st (3 hrs), 24 hrs post (24 hrs) and 48 hrs post exercise (48 
hrs). GAPDH (Glyccraldehyde-3-phosphate dehydrogenase). 

3.6 Statistics 

Specific statistical procedures are outlined in the relevant experimental chapters. 

Statistical procedures throughout were completed using IBM SPSS Statistics 19 (SPSS 

Inc., Chicago, Illinois). Data normality was assessed via skewness and kurtosis values, 

histograms and Quantile-Quantile (Q-Q) plots (Grafen and Hails 2002). Normally 

distributed data are presented as mean± standard deviation. Positively skewed data are 

presented as median ::I: interquartik range. 
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Chapter 4. Experiment 1: Downhill running and 

exercise in hot environments increase leukocyte Hsp 72 

mRNA and Hsp90a mRNA 

4.1 Abstract 

Stressors within humans and other species activate Hsp72 mRNA and Hsp90a mRNA 

transcription though it is unclear which environmental temperature or treadmill gradient 

induces the largest increase. To determine which stressor induced the larger increase, 

physically active but non heat acclimated participants ( 19.8 ± 1.9 and 20.9 ± 3.6 yrs) 

exercised in either temperate (20 °C 50 % relative humidity; RH) or hot (30 "C, 50 % 

RH) environmental conditions. Within each condition participants completed a flat 

running (Temperate flat or hot flat) and a downhill running (Temperate downhill or hot 

downhill) experimental trial in a randomised counterbalanced order separated by 7 d. 

Venous blood samples were taken immediately before (basal), immediately post, 3 hrs 

and 24 hrs post exercise. RNA was extracted from leukocytes and reverse transcriptase 

quantitative PCR conducted to determine Hsp7:2 mRNA and Hsp90a rnRNA relative 

expression. Leukocyte Hsp72 mRNA was increased immediately post exercise 

following downhill running ( l.9 ± 0.9 fold) compared to flat running (1.3 ± 0.4 fold; p = 

0.00 I) and in hot ( 1.9 1.. 0.6 fold) compared to temperate conditions (1.1 ± 0.5 fold; p = 

0.003). Leukocyte Hsp90Cl mRNA increased immediately post exercise following 

downhill running ( 1.4 ± 0.8 fold) compared to flat running (0.9 ± 0.6 fold; p =0.002) 

and in hot ( 1.6 ± 1.0 fold) compared to temperate conditions (0.9 ± 0.6 fold; p = 0.003). 

Downhill running and exercise in hot conditions offered the larger stimuli for leukocyte 

Hsp72 mRNA and Hsp90a mRNA increases. 
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4.2 Introduction 

The heat shock protein (HSP) system has a crucial role in acquired thermotolerance via 

the protein chaperone (Freeman and Morimoto 1996) and anti-apoptotic functions (Arya 

et al. 2007) of HSP72 (commonly known as HSPAlA) and HSP90a (HSPCl). 

Modulation of kinase signalling and assembly of gene transcription and protein 

translation machinery by HSP90a is also a crucial aspect of the cellular stress response 

and cellular adaptation to exercise heat stress (Richter and Buchner 2001; Taipale et al. 

2010). Both GRP78 and GRP94 regulate the unfolded protein response (Ron and Walter 

2007; Eletto et al. 2010) which occurs during heat stress (Heldens et al. 2011 ). These 

functions help attenuate the pathophysiological events (tissue damage) associated with 

multi-organ failure syndrome which is central within exercise heat stress and exertional 

heat illness specific morbidity and mortality (Epstein et al. 2012). Heat shock protein 

concentrations are elevated proportionally to increased cellular stress (increased cellular 

temperature) following ex vivo heat shock (McClung et al. 2008) and in vitro protein 

denaturation increases (Liu et al. 1997). Therefore. elucidating the in vivo cellular 

stressor(s) which increases HSP72, HSP90. GRP78 and GRP94 protein concentrations 

could minimise exertional heat illness risk by developing a thermotolerant phenotype. 

This thermotolerance, from a whole body perspective, may include delaying thermal 

injury (Maloyan et al. 1999) by elevating the core body temperature during exercise 

heat stress at which exercise becomes physiologically limited, which practically could 

enhance athletic performance and extend occupational pursuits (fire-fighting, industrial 

work and military training or operations) in challenging (hot and humid) environments. 

Induction of Hsp72 mRNA occurs follo\ving exercise (Walsh et al. 2001), EIMD 

(Paulsen et al. 2007) and exercise heat stress (Moran et al. 2006). While Hsp90a. mRNA 

is induced after exercise (Connolly et al. 2004) and exercise heat stress (Moran et al. 

2006) and Grp78 mRNA after exercise (Neubauer et al. 2014). These stressors were 

measured in isolation, precluding intra study comparison because exercise intensity (Liu 

et al. 2000) and duration (Selkirk et al. 2009), environmental conditions (Mestre-Alfaro 

et al. 2012), participant training state (Mortem et al. 2008), sampling time courses, tissue 

of interest and measurement techniques (northern blotting, RT~QPCR and gene arrays) 
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used to measure Hsp72 mRNA, Hsp90a. mRNA and Grp78 mRNA were not 

standardised. Consequently, the most appropriate stressor or combination of stressors 

(e.g. downhill running and exercise heat stress) to increase Hsp72 mRNA, Hsp90a 

mRNA, Grp78 mRNA and Grp94 mRNA transcription (and thus potentially enhance 

thermotolerance via elevated basal HSP72, HSP90a, GRP78 and GRP94 protein 

concentrations) following an acute preconditioning trial was unknown. 

Therefore, the primary purpose of the current study was to determine the environmental 

temperatures and treadmill gradients (singularly and in combination) which increased 

leukocyte Hsp72 mRNA. Hsp90a mRNA, Grp78 mRNA and Grp94 mRNA. 

Additionally this study aimed to determine the physiological (rectal temperature (Tre) 

and heart rate (HR)) and perceptual responses (delayed onset muscle soreness; DOMS) 

to each condition to determine the physiological stressors associated with Hsp72 

mRNA. Hsp90a mRNA, Grp78 mRNA and Grp94 mRNA induction. It was 

hypothesised that downhill running in a hot environment would offer the largest stimuli 

to increase Hsp72 mRNA, Hsp90a. mRNA, Grp78 mRNA and Grp94 mRNA. 

4.3 Methods 

Ethical approval 

The protocol was approved by the University of Bedfordshire's Sport and Exercise 

Science Departmental Human Ethics Committee. All participants signed informed 

consent in accordance \vith the ethical standards outlined in the 1964 Declaration of 

Helsinki. 

Participants 

Demographic variables (see table 4.1) were recorded in a population of 14 male 

Caucasian participants who were team games players (average 2.5 sessions per week), 

were non smokers and \\ere non heat acclimated (testing conducted between December 

- March within the CK; average temperature range l.5 °C -- 7.9 °C (MetOffice 2011)). 

Body mass (kg) and height (cm) were measured using a single set of mechanical scales 
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(Weylux Marsden 424, London, UK) and a stadiometer (Harpenden HAR- 98.602, 

Crymych, UK) respectively. Body composition was measured using air displacement 

plethysmology (Bod Pod 2000A. Cranlea, UK). The lactate threshold (LT) and 

maximum oxygen uptake (V02max) were determined using a graded treadmill test (Jones 

2007). This test consisted of 6 - 8 incremental 3 min stages at a l % gradient. 

Participants started running at 8 - 9 km.11· 1 and running velocity was increased by 1 

km.h· 1 per stage until exhaustion (Jones 2007). Finger tip capillary blood samples (40 

µL) were taken at rest and the end of each 3 min stage to determine blood lactate 

concentrations (B[La1). Blood lactate concentrations were plotted against running 

velocity to determine LT \Vhich was defined as the first sustained B[La) increase above 

baseline (Jones 2007). Pulmonary gas exchange was measured breath by breath using an 

online gas analysis system (Cortex Metalyser 38, Biophysik, Leipzig, Germany) to 

determine changes in oxygen uptake (VO:) with the highest V02 attained over a 30 s 

period accepted as V02max (Jones 2007). 

Sample size calculations were determined a priori (G.Power 3.1, Universitat 

Dusseldorf, Germany) (Faul et al. 2009) for exercising Tre, HR (Lafrenz et al. 2008) and 

Hsp72 mRNA (Fehrenbach et al. 2001) using mean and SD data from previous papers. 

Two tailed tests with alpha set at 0.05 and power at 0.8 suggested 9 participants were 

needed to detect significant differences in exercising Tre (0.8 °C) and HR (7 beats.min-1) 

and Hsp72 mRNA (59 %) between environmental conditions. Only 7 participants could 

be completed as funding was not available to complete 9 participants. 

Table 4.1 Participant demographic characteristics 

Temper-J.te group (TEMP) H.ot group (HOT) Sig (p < 0.05) 

Age (Years) 19.8 1.9 :20.9 ± 3.6 p =0.563 

Height (m) 1.80 0.1 1.74 ± 0.05 p = 0.398 
Body Weight (kg) 71.H: 7.4 70. 9 ± 10.4 p =0.880 

VOzmax (ml.kg.min.1) 55.6 5.7 55.5 ± 5.3 p = 0.991 

% Lean mass 87.0 ± 8. l 87.2 :t: 5.5 p =0.507 
¾BodyFat 13.0 8.1 12.8±5.5 p=0.951 

Training (hrs per week} 2.4~ . -·· ~--·___2._6_,1:_o_.s_____p_=_0._68_9___ 

ml.kg.m.in (millilitn.:s per kilogram per minute)., \'O;:lfl\lll {maximum oxygen uptake). 
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Experimental design 

Participants were split into two groups which exercised in different environmental 

conditions. (See figure 4.1 ). 

The temperate environmental condition featured two experimental trials separated by 7 

d. 

1) The temperate flat CfEMPf,1xr) experimental trial involved 30 min running at the 

velocity which elicited LT on a I % gradient in 20 °C, 50% RH. 

2) The temperate downhill (TEMPDowN) experimental trial involved 30 min downhill 

running at the velocity which elicited LT on a - l O % gradient to induce muscle damage 

(Feasson et al. 2002) in 20 °C. 50% RH. 

The hot environmental condition featured two experimental trials separated by 7 d. 

1) The hot flat (HOTitAT) experimental trial involved 30 min running at the velocity 

which elicited LT on a 1 % gradient in 30 °C, 50% RH. 

2) The hot downhill (HOToowN) experimental trial which involved 30 min downhill 

running at the velocity which elicited LT on a - 10 % gradient to induce muscle damage 

(Feasson et al. 2002) in 30 °C 50% RH. 

Temperate condition (20 °C~ so •/4 RH) 

TEMPn~~T TEMPoowN 
JO mh, ..-alio& at LT.!Cl min MIIMinJ lit LT ◄ -U!•;,,pltait%.~ 

2o•C,i!IO%RB 

Elpuimental tnak completed at leut 7 d .apart in a rudllHliad co1111tenllla11eed order 

lt •c, !I& 'IUUI 

Hot condition (30 °C, 50 •to RH)--------- ---------,
HOTFLAT HOTD<m"N 

lflmiRnoftltlqntLT H•iantnlllagallLT◄l %11'1'di<,nt -19'¼ gra4iHJ,1 

.Jt•C.st1%Rff 311•C,5'%IUI 

E'.xperimt!lltlll tridt: l)(!Mpiekd at.._. 7 d apart i11 a randomised emmwrblllaaced order 

Flat ranlfll WendiG!ll ~11~ lutmlctiw 
c1mllbts or the Tli:MPn..AT t!Bd amsists of the TEMPtKJ\'1!1 and 
HOTRAT eii:pmaoatal trilko HO'l'll(!\1,'N ~,Ill tmtl!I 

Figure 4.1 Experimental design. HOT1x,1P, (Hot dr,wnhill), HOTn.AT (Hot flat), TEMPDoWN (Temperate 
downhill), TEMPH,,.r (Temperate flat). 
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A counterbalanced experimental design was used in which the experimental trials were 

completed in a randomised order, at the same time of day and at the running velocity 

which elicited the LT to minimise differences in metabolic strain between individuals 

(Baldwin et al. 2000). However, environmental temperature mediated differences still 

remained as relative exercise intensity is higher at the same velocity during exercise in 

hot environments (Lorenzo et al. 2011 ). The confounding variables of caffeine and 

alcohol (72 hrs), non steroidal anti inflammatory medications (48 hrs) (Nielsen and 

Webster 1987; Van Wijck et al. 2012). dietary supplementation (vitamins, ergogenic 

aids; 30 d), exercise (7 d) (Morton et al. 2006), non exercise based thermal stressors (3 

months) and hypoxic and hyperbaric stressors (3 months) were controlled for via 

abstinence prior to testing and throughout the testing period. A questionnaire was 

administered prior to each experimental trial and sampling timepoint to determine 

adherence to the aforementioned experimental control measures. Adherence was 100 % 

in all participants. Participants were instructed to drink 500 mL of water 2 hrs before 

each experimental trial in line with the ACSM position stand (Sawka et al. 2007). 

Hydration status was assessed via urine osmolality (UOsm). All participants were 

euhydrated (UOsm was below 600 mOsmols.kg H20 (Armstrong et al. 1994)) prior to 

all experimental trials. 

Physiological Measures 

Rectal temperature (Tre), heart rate (HR) and oxygen uptake (V02) were measured 

continuously during exercise. Rating of perceived exertion (RPE) and thermal sensation 

(TS) were measured every 5 min. Blood lactate concentrations were measured before 

and immediately post exercise. Non-invasive measures (Quadriceps tenderness and 

VAS) of delayed onset muscle soreness (DOMS) were recorded immediately before, 

immediately post, 3 hrs post and 24 hrs post exercise to infer whether EIMD had 

occurred. See general methods section 3.31 - 3.34 and 3.36 for full details. 
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Molecular physiology measures 

Leukocytes were isolated from venous blood samples immediately before (basal), 

immediately post, 3 hrs post and 24 hrs post exercise. The TRizol method was then used 

to extract RNA from the leukocytes and RT-QPCR was performed to ascertain Hsp72 

mRNA, Hsp90o: mRNA Grp78 mRNA and Grp94 mRNA relative expression (see 

sections 3.41 and 3.44 for full details). 

Statistical Analysis 

Central tendency and dispersion are reported as the mean and standard deviation for 

normally distributed data and as the median and interquartile range for non-normally 

distributed data. Statistical analysis was completed using linear mixed models for 

repeated measures (IBM SPSS 19.0, Chicago, IL, USA). The best fitting covariance 

structure was identified by minimising the Hurvich and Tsai's criterion (Field 2009). 

Changes in Hsp72 mR:\JA. J-lsp90u mRNA, Grp78 mRNA and Grp94 mRNA are 

presented as fold change from basal in accordance with previous literature (Paulsen et 

al. 2007). Where significant F ratios for main and interaction effects occurred, post hoe 

comparisons were made with Bonferroni adjusted p values. Pearson correlation 

coefficients were determined to elucidate relationships between exercising Tre, VAS and 

QT and Hsp72 mRNA, Hsp90a mRNA and Grp78 mRNA. Statistical significance was 

accepted at p < (l.05 (tvio tailed). 

4.4 Results 

Perceived muscle soreness response 

Visual analog scale of pain (Figure 4.2) increased following downhill running 

immediately post, 3 hrs post and 24 hrs post exercise (p < 0.001) and during flat running 

immediately post and 24 hrs post exercise (p < 0.006) compared to basal. Visual analog 

scale of pain also increased following dQwnhi1! running compared to flat running 

immediately post, 3hrs post and 24 hrs post exercise (p < 0.005). Visual analog scale of 

pain increased follov:, ing hot (p 0.00 l) and temperate (p < 0.016) conditions 
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immediately post, 3hrs post and 24 hrs post exercise compared to basal and in hot 

compared to temperate conditions immediately post exercise (F = 6.2, p = 0.020). The 

interaction between environmental condition, treadmill gradient and time had no effect 

on VAS (p > 0.05). Therefore, both downhill running and hot conditions increased 

VAS, with downhill running appearing to cause the largest increase in VAS. 
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Figure 4.2 Perceived muscle soreness (visual analog scale of pain; VAS) Mean (Standard deviation) 
immediately before. immediately post, 3 hrs post and 24 hrs post exercise. A increased (p < 0.005) during 
downhill running compared to flat running. B increased (p < 0.001) in hot compared to temperate 
conditions. Error bars omitted to maintain clarity. 

Like VAS, quadriceps tenderness (figure 4.3) increased during downhill running at 3 

hrs (p =0.001) and 24 hrs post exercise (p < 0.002) compared to basal. However, during 

flat running, quadriceps tenderness only increased 24 hrs post exercise (p == 0.010) 

compared to basal. Environmental temperature and all other interactions had no effect 

on quadriceps tenderness (p > 0.05 ). Therefi)rc. downhill running was the main factor 

which induced quadriceps tenderness. 
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Figure 4.3 Quadriceps tenderness (QT) mean (standard deviation) immediately before, immediately post, 
3 hrs post and 24 hours post. * increased (p = 0.010) during flat running compared to basal. ** increased 
(p < 0.002) during downhill running compared to basal. A increased (P < 0.001) during downhill running 
compared to flat running. Error bars omitted to maintain clarity. 

Physiological responses 

Exercising Tre (Figure 4.4) increased during downhill running compared to flat running 

between 10 - 30 min (p < 0.006). There was also a trend for exercising Tre to be 

increased in hot (38.9 :I: 0.4 °C) compared to temperate conditions (38.6 ± 0.5 °C) at 30 

min (F =4.0, p :;:; 0.068). Increases at 30 min during downhill running (39.0 ± 0.4 °C) 

compared to flat running (38.5 :!: 0.4 °C; 0.5 °C) were greater than during hot compared 

to temperate environmental conditions (0.3 °C) indicating downhill running had a 

greater effect on exercising Tre than hot environmental temperatures. Exercising Tre 

increased at 30 min of HOToowN (39.2 ± 0.2 °C) however the interaction between 

environmental condition, treadmill gradient and time did not reach significance (p > 

0.05). 
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Figure 4.4A Rectal temperature (T..,) mean (standard deviation) at Omin ~ 30 min of exercise. A increased 
(p < 0.0 I) during downhill running compared to flat running. Error bars omitted to maintain clarity. 
Figure 4.4B Exercising T« individual responses for TE!vfPFLAT, 4.4C TEMPoowN, 4.4D HOTFLAT and 
4.4E HOTOOWS· 

Heart rate (table 4.2) increased over time (F = 318.0, p < 0.001 ). No other main effect or 

interaction reached significance (p 0.05) indicating HR did not differ between 

treadmill gradients or environmental conditions. However, a trend (F =4.3, p =0.056) 

was observed for HR to increa!>e during hot (162 ± 36 beats.min-1) compared to 

temperate conditions (153 ± 33 beats.min" 1). ()xygen uptake (F = 7.4, p < 0.00 l; table 
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4.2) and B[La] (F = 30.0, p < 0.001; table 4.2) increased over time however, no other 

main effect or interaction reached significance (p > 0.05). 

Perceptual response 

Rate of perceived exertion (table 4.2) increased during hot compared to temperate 

conditions (F = 12.3, p = 0.002), in downhill running compared to flat running (F = 

34.8, p < 0.00 I) and over time ( F = 171.6, p < 0.00 I). Rate of perceived exertion also 

increased in hot compared to temperate conditions at I O min (p = 0.045), between 20 -

30 min (p < 0.002) and during downhill running compared to flat running at 10 min (p = 

0.003) and between 15 - 30 min (p < 0.001 ). 

Thermal sensation (table 4.2) increased during hot compared to temperate conditions (F 

= 45.1, p < 0.001), in downhill running compared to flat running (F = 9.0, p = 0.004) 

and over time ( F = 95 .1, p < (l.001) as main effects. Thermal sensation also increased 

within hot compared to temperate conditions between 10 min - 30 min of exercise (p < 

0.00 I). However. no other interactions had any effect on RPE or TS (p > 0.05). 

Therefore, both RPE and TS were greater during downhill running and hot conditions. 



Table 4.2 Physiological and perceptual responses 

TEMPn.AT TEMPoowN HOTFLAT HOToowN 
B[La] (mmol.r ) Basal 0.9 ± 0.2 0. 9 ± 0.3 0.9 ± 0.2 0.9 ± 0.2 

Immediately post 1.4 ± 0.5A 1.5 ± 0.7A 2.1 ± 1.2A 1.7 ± 0.4A 
HR (Beats.min·1) 0 min 5 min 10 min 15 min 20 min 25 min 30 min 

TEMPRAT 78.6 ± 8.4 152.6 ± 14.0 157 .8 ± 13.8 161.6 ± 14.3 163. 6 ± 15.2 165.9 ± 14.9 167.7 ± 15.0 
TEMl\,mrn 83.0±11.4 155.1±14.3 162.8±14.7 167.3±15.7 171.4±15.7 175.0±17.0 180.1±17.1 

HOTn.AT 83.4±5.IB 157.1±17.48 166.7±18.48 169.9±18.98 174.0±HU 13 178.6±18.08 182.2±18.38 

HOTIXJWN 84.2±8.78 158.3±1l.9B 170.1±12.08 177.4:J:14.28 182.9±12.28 188.4±14.1 8 194.6±13.68 

__£:Q:: (ml.k1unin·1) 0 min 5 min 10 min 15 min 20 min 25 min 30 min 
TEMPFLAT 5.5±0.8 40.4±3.3 41.1±3.0 41.6±3.1 42.6±2.7 43.2±2.8 43.6±3.0 
TEMPnoww 5.5±0.7 39.6± l.O 40.1 ±0.7 41.5± 1.0 42.5± 1.7 43.2± 1.3 44.4± 1.5 

llOhtA! 5.9±0.7 41.lt:3.0 42.0±3.8 42.7±3.7 42.9J:3.5 42.6±4.0 42.4±5.0 
-···--IIOT1XJwN____2.8 ± ~>2._}2,J~~:~-- 41.2 ± 2.4 41.8 ± 2.6 42.3 ± 3.3 43.5 ± 3.8 45.2 ± 4.3 

RPE Omin 5 min I O min 15 min 20 min 25 min 30 min 
TEMPn.Ar 6.0±0.0 IO.O,l:0.9 ll.):!::1.6 12.3±1.4 12.6±1.3 13.l±l.O 13.7±1.3 
TEMPuowN 6.0±0.0 11.9:i: 1.6 13.1 ± 1.4D 14.9± 1.6° 15.6±2.0° 16.4± 1.7° 16.7± I.8° 

HOTn.AT 6.0±0.0 11.6± 1.8 C12.7± 1.4 C13.6± 1.5 C14.7± 1.2 C16.0± l.3 C16.8± 1.1 
HOToov.'N 6.0±0.0 11.6± 1.1 13.7±0.9c.n 15.t ± 1.oc.n 17.0± 1.2c.0 18.4± 1.3c,o 19.6±0.7c.o 

TS Omin 5 min l O min 15 min 20 min 25 min 30 min 
TEMPFL,\T 4.0 ± 0.0 4.2 ± 0.3 4.4 ± 0.4 4.7 ± 0.5 4.9 ± 0.7 5.1 ± 0.7 5.4 ± 0.7 

C C C C CTEMP1>0WN 4.0 ± 0.0 4.3 ± 0.4 4.5 ± 0.5 5.1 ± 0.5 5.4 ± 0.6 5.9 ± 0.7 6.1 ± 0.8 
llOTH,AT 4.0±0.0 4.7±0.4 5.4±0.4 5.6±0.6 6.1±0.5 6.7±0.4 7.1±0.6 
HOTnowN 4.0 ± 0.0 4.6 ± 0.4 5.5 ± 0.5c 6.4 ± 0.4c 6.6 ± 0.4c 7.2 ± 0.4c 7.8 ± 0.3c 

A Increased immediately post compared to basal as a main effect; p < 0.05, B Trend to increase in hot compared to temperate conditions; p = 0.056, C Increased 
in hot compared to temperate conditions between 10 - 30 min: p < 0.05, D Increased during downhill running compared to flat running between 10 - 30 min; p 
<0.05. 
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Leukocyte Hsp mRNA response 

Leukocyte Hsp72 mRNA (figure 4.5) increased following downhill running (p < 0.002), 

flat running (p < 0.015) and within hot (p < 0.001) and temperate environmental 

conditions (p < 0.020) immediately post and 3 hrs post exercise compared to basal. 

These leukocyte Hsp72 mRNA increases were greater following downhill running (1.9 

± 0.9 fold) compared to flat running ( 1.3 ::t 0.4 fold; F =15.2, p =0.001) and in hot (1.9 

± 0.6 fold) compared to temperate ( 1.1 ± 0.5 fold) environmental conditions (F = 11.7, p 

= 0.003) immediately post exercise. Leukocyte Hsp72 mRNA returned to basal levels at 

24 hrs (p > 0.05). Therefore. downhill running and hot environmental conditions were 

the best stimuli to induce leukocyte Hsp72 mRNA. Leukocyte Hsp72 mRNA increased 

(0.8 ± 0.2 fold to 2.1 ± 1.2 fold; 262.5 % increase) immediately following HOTDOWN 

however interaction between environmental condition, treadmill gradient and time did 

not reach significance (p > 0.05). Significant correlations were observed between Hsp72 

mRNA and peak exercising Tre (r == 0.625. p < 0.001 ), VAS (r = 0.402, p = 0.042) and 

QT (r = 0.436, p = 0.026). This indicates Hsp72 mRNA increases could be temperature 

and DOMS dependent. No order effect was observed as similar individual Hsp72 

mRNA responses (figure 4.5) were observed in each experimental trial regardless of the 

order in which the trial was completed. 
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Figure 4.5A Leukocyte Hsp72 mR'S.A median (interquartile range) immediately before, immediately post, 
3 hrs post and 24 hrs post exercise. Data are presented as fold change from basal. * increased compared to 
basal (p < 0.05). A increased (p "' 0.001} during downhill running compared to flat running. B increased 
(p == 0.003) within hot conditions compared to temperate conditions. Figure 4.5B Leukocyte Hsp72 
mRNA individual responses for TE~1Pl'IAi• 45(' TEMPrx>w:" 4.5D HOTH,._T and 4.5E HOTDOWN· 

Leukoc1te Hsp90a mRNA (figure 4.6) increased following downhill running (p < 

0.002) and in hot conditions (p < 0.006) immediately post and 3 hrs post exercise 

compared to basal. Leukocy1e Bsp90a. mRNA also increased immediately post exercise 

following flat running (p = 0.008) and in temperate conditions (p =0.049). Leukocyte 

Hsp90a mRNA increases were greater following do·wnhill running ( l .4 ± 0.8 fold) 

compared to flat running immediately p,Jst (0.9 ± 0.6 fold; F = 13.2, p = 0.002) 3 hrs 

post (F = 6.0. p = 0.025) and 24 hrs post exercise (F = 6,7, p = 0.019). Leukocyte 

Hsp90a. mRNA also increased immediately post exercise within hot (1.6 ± 1.0 fold) 

compared to temperate (0.9 :t 0.6 fold) conditions (F = 12.4, p = 0.003). Therefore, 
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downhill running and hot conditions were the best stimuli to induce leukocyte Hsp90a. 

mRNA. Leukocyte Hsp90a. mRNA increased (0.7 ± 0.2 fold to 1.7 ± 1.0 fold) following 

HOToowN however the interaction between environmental condition, treadmill gradient 

and time did not reach significance (p > 0.05). Significant correlations were observed 

between Hsp90a mRNA and peak exercising Tre (r = 0. 706, p < 0.001 ), VAS (r =0.453, 

p = 0.02) and QT (r = 0.436, p =0.026) suggesting Hsp90a. mRNA increases could be 

Tre and DOMS dependent. Similar individual Hsp90a. mRNA responses (figure 4.6) 

were observed in each experimental trial regardless of completion order. Therefore, no 

order effect occurred. 
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Figure 4.6A Leukocyte Hsp90a mRNA median (interquartile range) immediately before, immediately 
post, 3 hrs post and 24 hrs post exercise. Data are presented as fold change from basal.* increased (p < 
0.05) from basal during flat running. •• increased (p < 0.OS) from basal during downhill running. *"'* 
increased (p < 0.05) from basal during temperate conditions. •0 • increased (p < 0.05) from basal during 
hot conditions. A increased (p < O.OS) during downhill running compared to flat running. B increased (p < 
0.05) within hot compared to temperate conditions. Figure 4.68 Leukocyte Hsp90a mRNA individual 
responses for TEMP,u·r. 4.6C' TEMPl)(')WN, 4.60 HOTPI.AT and 4.6E HOTOOWN· 

_ 
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Leukocyte Grp78 mRNA (figure 4.7) increased immediately post exercise compared to 

basal in hot conditions (p == 0.002). A trend for Grp78 mRNA to be increased in hot 

conditions compared to temperate conditions was also observed (F = 4.1, p = 0.059) 

immediately post exercise. All other interactions did not affect leukocyte Grp78 mRNA. 

Peak exercising Tre and Grp78 mRNA (r = 0.289, p = 0.153) were not correlated. 
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Figure 4.7 Leukocyte Grp78 rnRNA Median (Interquartile range,) immediately before, immediately post 
3 hrs post and 24 hrs post exercise. Data presented as fold change from basal. * increased immediately 
post exercise in hot conditions. 

Leukocyte Grp94 mRNA (figure 4.8) increased in hot conditions compared to temperate 

conditions (F = 7 .8. p = 0.009) and in downhill running compared to flat running (F = 
7.4, p = 0.010) as main effects. However. leukocyte Grp94 mRNA did not change from 

basal at any time (F = 1.6, p = 0. 194) as a main effect. All other interactions had no 

effect on leukocyte Grp94 mRNA (p > (1.05). 
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Figure 4.8 leukocyte Grp94 mRNA Median (Interquartile mnge) immedi.ltely before, immediately post, 3 
hrs post and 24 hrs post exerdse. Data presented a~ fold d1,inge th,m basaL A increa.5ed during downhill 
running compared to flat running. B increased dttrin1 hot compared to tempcrnte conditions. 
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4.5 Discussion 

The current study suggests that downhill running and exercise in hot environments 

induced the largest Hsp72 mRNA and Hsp90a mRNA increases. Exercising Tre and 

DOMS were correlated with Hsp72 mRNA and Hsp90a mRNA increases and therefore, 

likely played a role in the increases observed. 

Leukocyte Hsp72 mRNA 

Exercising Tre increased during downhill running compared to flat running, and showed 

a trend to be increased within hot compared to temperate conditions. Further, a 

significant positive correlation was observed bet\veen peak exercising Tre and Hsp72 

mRNA immediately post exercise. This suggests that Hsp72 mRNA induction was 

dependent on exercising Tre increases and therefore, has the potential to be a marker of 

thermotolerance. The induction of Hsp72 mRNA being Tr~ dependent is in agreement 

with previous literature where elevated exercising Tre led to increased Hsp72 mRNA 

transcription within peripheral blood mononuclear cells (PBMCs) (Fehrenbach et al. 

2001; Marshall et al. 2007) and lymphocytes (Mestre-Alfaro et al. 2012) probably via 

increased protein denaturation (Mestre-Alfaro et al. 20 I2) activating heat shock factor-I 

(HSF-1) (Noble et al. 2008) as demonstrated in vitro within human cells (Baler et al. 

1992). During downhill running, DOMS increased suggesting EIMD was present 

(Friden et al. 1981 ). Muscle damage induced following isokinetic eccentric contr.1ctions 

(Paulsen et al. 2007) and downhill running (Thompson et al. 2003) increases Hsp72 

mRNA post exercise within the human VL. This increase is greater during muscle 

damaging eccentrically biased exercise compared to non damaging concentricaHy 

biased exercise (Vissing et al. 2009). Despite characterisation of the Hsp72 mRNA 

response to EIMD in the VL, no data exists within leukocytes. Further. the precise 

mechanism linking EIMD and leukocyte Hsp72 mRNA is unclear. A toll like receptor 4 

(TLR4) mediated cellular stress response occurs within leukocytes following muscle 

damaging exercise (Femandez-Gonz.alo et al. 2012). Signalling pathways induced by 

TLR activation increase oxidative stress via NADPH oxidase activntion (Asehnoune et 

al. 2004) increasing protein denaturation and activation of JNK and p38I\i1APK 
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signalling (Huang et al. 2009). These changes induce Hsp72 mRNA transcription via 

HSF-1 activation. Damage associated molecular patterns (DAMPs) including 

extracellular HSPs, endogenous nucleic acids. circulating cell free DNA, high-mobility 

group box -1 and liposaccharide activate a TLR mediated leukocyte stress response 

(Henderson et al. 2010; Huang et al. 2010; Neubauer et al. 2013). However, little 

evidence exists for DAMPs being released from skeletal muscle following muscle 

damage in humans. Interleukin-6 (IL-6) infusion increases Hsp72 mRNA in the VL at 

rest (Febbraio et al. 2002). Whether IL-6 has the same effect on leukocytes following 

exercise heat stress has not been established. Further. IL-6 is only released from skeletal 

muscle after 120 min of exercise (Steensberg et al. 2002). Therefore, it is unlikely 

factors released from skeletal muscle following muscle damage induced Hsp72 mRNA 

within the current study design. A higher rate of ATP breakdown occurs when exercise 

of the same steady state velocity is completed within hot environments compared to the 

same trial completed within a temperate environment (Febbraio et al. 1996). Therefore, 

a higher relative exercise intensity is required to sustain the same running velocity in 

hot conditions. This increased metabolic strain could partially account for Hsp72 

mRNA increases within hot environmental conditions as the HSP72 protein response is 

intensity dependent both within skeletal muscle (Liu et al. 2000) and leukocytes 

(Marshall et al. 2007). This is not surprising as protein denaturation the key cellular 

change driving Hsp72 mRNA transcription is exercise intensity (Lamprecht et al. 2009) 

and metabolic strain dependent (Beckmann et al. l 992). 

Although, Hsp72 mRNA increased following the hot downhill trial this was not 

statistically significance with only the 3 (out of 7) participants who had the largest 

exercising Tre increases (39.4 - 39.5 °C) demonstrating substantive Hsp72 mRNA 

increases (> 3.0 fold). This variable response contrasts with previous exercise heat 

stress studies where more substantive and less variable Hsp72 mRNA responses were 

observed within lymphocytes (Mestre-Alfaro et al. 2012). Interestingly, when human 

cells are heat shocked ex t•ivo (Oehler et al. 200 l) and following exercise heat stress in 

humans (Fehrenbach et al. 2001) lymphoc)1es and monocytes have the largest HSP72 

response with a comparatively smaller re::.ponse observed within neutrophils. As 
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neutrophils are the predominant cell type within leukocytes this could have blunted the 

Hsp72 mRNA response observed following hot downhill. Using two experimental 

groups also increased inter-variability of the Hsp72 mRNA response reducing statistical 

power (Mahoney et al. 2004). However, removing parameters (3 hr and 24 hr timepoint) 

did not induce a significant increase following hot downhill while no order effect on the 

Hsp72 mRNA response was observed. Therefore, the sensitivity of the current 

experimental design to securely determine the trial which induced the largest Hsp72 

mRNA increase was reduced because two experimental groups were used and 

leukocytes were sampled. 

Previous research demonstrated that HSP72 increases were sustained for 24 hrs 

following exercise heat stress despite Hsp72 mRNA expression returning to baseline 

(Fehrenbach et al. 200 l ). Therefore, both downhill running and exercise in hot 

environment could elevate basal HSP72 concentrations for up to 24 hrs post exercise. 

However, the current study cannot suggest downhill nmning or exercise in hot 

environments translate this signal into HSP72 mediated thermotolerance within 

leukocytes because increased Hsp72 mRNA expression is not necessarily reflective of 

functional steady state HSP72 content (Marshall et al. 2007: Vissing et al. 2009). Any 

HSP72 increases that were potentially induced by downhill running or exercise in hot 

environment would not have had a confounding effect on the Hsp72 mRNA and 

Hsp90a mRNA responses during subsequent experimental trials as HSP72 increases are 

sustained for less than 7 d within leukocytes subsets (monocytes) (Fehrenbach et al. 

2001; Lee et al. 2014). 

Leukocyte Hsp90a mRNA 

The current study demonstrated that downhill nmning and exercise within hot 

conditions offered the largest stimuli for increasing Hsp90a. mRNA. Induction of 

Hsp90a mRNA was correlated with exercising T111 and DOMS. However, as previously 

discussed for Hsp72 mRNA it is dillicu!t to mechanistically link EIMD and the 

leukocyte stress response. Therefore, Hsp90a mRNA increases are likely exercising Trc 

dependent and therefore. olfor potential as a marker of thennotolerance. The increased 
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metabolic strain during exercise in hot environments also likely plays a role. Further 

work should elucidate whether Hsp90a mRNA needs to remain elevated to sustain 

increased basal HSP90a concentrations and whether these increases mediate conferred 

thermotolerance. 

Leukocyte Grp78 mRNA and Grp94 mRNA 

Exercise increases Grp78 mRNJ\ within the VL (Neubauer et al. 2014). The current 

study is the first to demonstrate leukocyte Grp78 mRNA increases following exercise 

heat stress. However, Grp78 mRNA increases were not correlated with exercising Tre 

increases. Indeed following downhill running where exercising Tre was at its highest 

Grp78 mRNA did not increase. Therefore, Grp78 mRNA is unlikely to be a marker of 

therrnotolerance. Instead. the Grp78 mRNA response observed is likely group 

dependent and could potentially be explained via differential basal GRP78 

concentrations (Dorner et al. l 992) and epigenetic regulation of Grp78 mRNA 

(Baumeister et al. 2005). The GRP78 response appears to be tissue dependent with 

greater increases in fibre types experiencing greater cellular stress during exercise 

(Hernando and Manso 1997). The reduced thermal strain within leukocytes (due to 

countercurrent heat exchange) compared to skeletal muscle could have attenuated 

Grp78 mRNA transcription induced by protein dcnaturation (Ron and Walter 2007). 

Downhill running induced muscle damage could only induce an unfolded protein 

response (UPR) (Muralidhanm and Mandrekar 2013) within leukocytes via TLR 

activated leukocyte stress response (Femandez~Gonzalo 2012). Ifowever, no evidence 

exists for activation of TLRs by DAMPs released from skeletal muscle following 

exercise or muscle damage (Neubauer et al. 2013 ). Therefore, a reduced cellular stress 

response compared to skeletal muscle where contraction induced fibre damage occurs 

(Feasson et al. 2002) may explain the Grp78 mRNA responses observed in this study. 

Leukocyte Grp94 mRNA increased as a main effect within downhill running and hot 

conditions but did not change over time. This suggests the differences were an artefact 

of the differential basal Grp94 mRNA observed. Therefore, Grp94 mRNA i::; unlikely to 

be a marker of thermotolerance. This contradicts previous rodent based exercise studies 



where, quadriceps Grp94 mRNA increased (Wu et al. 2011). Protein denaturation which 

induces Grp94 mRNA via the ATF6 and XBP-1 pathways (Lee et al. 2003; Yamamoto 

et al. 2007) is temperature dependent. Therefore, a lower thermal strain within 

leukocytes and physiological differences between the species utilised could explain why 

Grp94 mRNA did not change. 

Exercising T~ response 

Exercising Tre increased during hot conditions and downhill running compared to flat 

running and temperate conditions respectively. The greater exercising Tre increase in hot 

compared to temperate conditions likely occurred due to a greater rate of heat storage 

(Periard et al. 2011 ). In contrast exercising Tre increases during downhill running 

compared to flat running are contraction type dependent. Downhill running requires a 

greater angle of knee flex ion and thus lengthening of the quadriceps muscle-tendon unit 

to withstand the greater impact force at footstrike, compared to flat running (Buczek and 

Cavanagh 1990; Roberts and Konow 2013 ). The larger amount of elastic energy stored 

within the quadriceps tendon is dissipated as heat vvhen the muscle fascicle lengthens 

(Lindstedt et al. 200 I: Roberts and Konow 2013), increasing muscle temperature and 

subsequently exercising Tre through heat transfen-ed via the vascular system. Increasing 

exercise duration (Garden et al. I 966), exercise intensity (Houmard et al. 1990) and 

environmental temperature (Daanen et al. 2011) induces larger exercising Tre increases 

speeding up the acquirement of heat acclimation (exercising Tri! reductions). Therefore, 

combining hot conditions and downhill running (HOT1)()w:,J which both increased 

exercising Tre could potentially enhance the speed at which heat tolerance is acquired. 

Summary & Conclusions 

Downhill running and exercise in hot environments appear to be the best stressors (of 

those tested) to increase leukocyte Hsp72 mRNA and Hsp90a mRNA. Leukocyte 

Hsp72 mRNA and Hsp9Oa mRNA increases were correlated with exercising 'Cc and 

therefore, could be suitable biomarkers of thcrmot<.)lerancc. Ho\vever, Grp78 mRNA 

and Grp94 mRNA are unsuitabk as bi~1marki.:rs of them1otolerance. 
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Chapter 5. Experiment 2: A novel intervention to 

reduce physiological strain during exercise in a hot 

environment. 

5 .1 Abstract 

Heat acclimation (3 - IO d) enhances heat tolerance, but is not feasible when rapid 

deployment to hot environments is required. This study sought to determine whether an 

acutely delivered trial (downhill running in a hot environment), could attenuate 

exercising rectal temperature (Tre) during a subsequent identical exercise trial. 

Participants were split into two groups. The temperate preconditioning group (TPG) 

completed 30 min running at lactate threshold (LT) on a -! % gradient in 20 °C and 50 

% relative humidity (RH) (TPGTEMPr:LAT) and 7 d later completed 30 min running at 

LT on -10 % gradient in 30 °C and 50 % RH (TPGHOTrx)wN)- The hot preconditioning 

group (HPG) completed two trials of 30 min running at LT on -I O % gradient in 30 °C 

and 50 % RH (HPGHOTrx)WN! and HPGHOTIX)WN~) also separated by 7 d. Exercising 

Tre and HR, were measured continuously during exercise. Delayed onset muscle 

soreness was measured via visual analogue scale of pain (VAS) immediately before 

(basal), immediately post, 3 hrs, 24 hrs and 48 hrs post exercise. Exercising Trc (0.3 °C 

at 30 min) decreased and HR (~ 8 beats.min· 1, 20 -· 30 min) demonstrated a trend to be 

decreased during HPGHOT!>oWN.2 compared to HPGHOTl)()wN1- Delayed onset muscle 

soreness (VAS) was absent prior to HPGHOTrx>WN2- Completing TPGTEMPn.AT had 

no effect on exercising Tre which still increased by 2.0 °C during TPGHOTDOWN- With 

further research, hot downhill running could potentially be used to attenuate exertional 

heat illness risk and improve exercise performance during subsequent exercise heat 

stress trials within hot, humid environments. 
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5 .2 Introduction 

Exercise, occupational activities and military operations are often completed within hot 

humid environments where the high heat loads induced reduce exercise and 

occupational performance and increase exertional heat illness risk (Epstein et al. 2012). 

Adaptations which reduce exercising Tre (Lee et al. 2006) attenuate exertional heat 

illness risk likely by reducing protein denaturation (Mestre-Alfaro et al. 2012) and 

apoptosis (Selkirk et al. 2009) which are Tre dependent. These adaptations are typically 

acquired during heat acclimation {HA). Unfortunately, HA takes around 3 d to attenuate 

exercising Tre and H.R (Marshall et al. 2007; Costa et al. 2014). This may not be 

logistically viable, where rapid redeployment of soldiers and emergency workers to hot 

climates is required ( Garrett et al. 2009), and for athletes due to the associated 

disruption of the pre competition taper (Garrett et al. 2012). Therefore, an acute 

preconditioning trial v,foch reduces exercising Tre is required. 

An acute exercise heat stress trial does not reduce exercising Tre during subsequent trials 

completed 7 d later (Barnett and Maughan 1993). The speed of the HA process is 

dependent on thermal and cardiovascular strain induced during each exercise heat stress 

trial (Houmard et al. 1990; Taylor 2000; Daanen et al. 2011 ). Therefore, additional 

physiological stress should be incorporated within any acute preconditioning trial to 

provide a greater stimulus for heat tolerance to be initiated, e.g. exercising Tre and HR 

being reduced during subsequent exercise heat stress. Chapter 4 (experimental chapter 

1) demonstrated that downhill running and t!xereise in hot environmental temperatures 

increased exercising Trc further than flat running and temperate environmental 

temperatures respectively. Completing downhill running in a hot environment could 

potentially, increase exercising Tre further. than exercise heat stress in isolation, 

potentiating larger exercising Tre and HR reductions, during subsequent exercise heat 

stress trials, compared to traditional serial HA based exercise. Muscle damaging 

exercise induces plasma volume (PY) expansion of- 10 % which lasts for up to 10 d 

(Gleeson et al. 1995). Downhill running is known to induce exercise induced muscle 

damage (EIMD) (Feasson et al. 2002). Therefore, PY expansion mediated increases in 

heat dissipation could further attenuate exercising 1\e increases (lkegawa et al. 2011 ). 
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Therefore, the aim of this experiment was to determine whether hot downhill running 

decreases exercising Tre during an identical experimental trial 7 d later. This could 

indicate a reduced exertional heat illness risk. A secondary purpose was to determine 

whether DOMS were present prior to the second experimental trial. It was hypothesised 

that hot downhill running would attenuate exercising Tre and HR but that a temperate 

flat trial would have no preconditioning effect. 

5.3 Methods 

Participants 

Demographic variables were recorded in a population of 11 male Caucasian participants 

(see table 5.1) who were non smokers and were not heat acclimated (experimental trials 

completed between January and March within the UK; average temperatures 1.5 °C -

8.1 °C (Met Office 20 I l) ). Body mass (kg) and height ( cm) were measured using the 

same mechanical scale (Weylux Marsden 424) and a stadiometer (Harpenden HAR-

98.602) respectively. Body composition was measured using air displacement 

plethysmology (Bod Pod 2000A) while LT and VO2max were determined using a graded 

treadmill test (Jones 2007). See sections 3.11. 3.12 and 3.21 for full details). 

Table 5.1 Participant demographic characteristics 

Temperate preconditioning Heat preconditioning Group Sig 
group (TPG) f::,'l'OUp (HPG) (p < 0.05) 

Age (Years) 20.4 ± 2.8 21.7 ± 2.3 0.426 
Height (cm) 177.0 ± 7.0 180 ± 10.0 0.593 
Body Weight (kg) 75.2 ± l8.1 76.l ± 12.3 0.931 
V02max 50.8 ± 6.9 52.8 ± 5.0 0.587 

-1)
(ml.kg.min 
% Lean mass 88.3 ± 11.5 86.8 ± 4.8 0.777 
% Body Fat 11.7 ± 11.5 13.2 ± 4.8 0.777 
ml.kg.ruin (millilitres per kilogram per minute), VO,- (maximum t,xygen uptake). 

Sample size calculations for exercising Trc were detem1ined a prfr>ri via G.Power 3.1 

using data from a previous paper (Castle et al. 20 l l ). A two tailed test with alpha of 

0.05 and power of 0.8 determined that a sample size of 8 participants would be required 

82 



to detect a significant Tre decrease of 0.4 cc. The total sample size of 11 (5 in TPG and 

6 in HPG) was dictated by orthopaedic surgeon availability (same participants used as 

experimental chapter 3) and participant drop out. Surgeons were only available during 

weekday afternoons (2 PM onwards) for an 8 week rotation, and an extensive biopsy 

time course was required. Therefore. only 12 participants could be completed. 

Experimental design 

Participants were split into two experimental groups (see figure 5.1 ). The temperate 

preconditioning group (TPG) condition featured two exercise trials separated by 7 d: 

TPG Exercise trial I) Temperate flat (TPGTEMPi,LAT) which involved 30 min running 

at the LT on a 1 % gradient in 20 °C. 50 % RH. 

TPG Exercise trial 2) 7 d post TPGTEMPn.AT• hot downhill (TPGHOToowN) which 

involved 30 min downhill running at the LT on a -10 % gradient in 30 cc, 50 % RH. 

The hot preconditioning group (H PG) condition again featured two exercise trials 

separated by 7 d: 

HPG Exercise trial I) Hot downhill (HPGHOTrxJWNi) which involved 30 min downhill 

running at the LT on a -10 % gradient in 30 °C. 50 % RH. 

HPG Exercise trial 2) 7 d post HPGHOTrx>wNt, hot downhill 2 (HPGHOTr)()WN2) which 

involved 30 min downhill running at the LT on a -10 % gradient in 30 cc. 50 % RH. 

All experimental trials were completed at the running velocity which elicited the LT to 

minimise differences in metabolic strain between experimental trials (Baldwin et al. 

2000). However, environmental temperature mediated differences still remained as 

relative exercise intensity is higher at the same velocity during exercise in hot 

environments (Lorenzo et al. 2011 ). All experimental trials \\ere completed at the same 

time of day to minimise the influence of diurnal and circadian variations on exercise 

performance (Reilly 1990). The confounding variables of caffeine and alcohol (72 hrs}. 
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non steroidal anti inflammatory medications (48 hrs) (Nielsen and Webster 1987; Van 

Wijck et al. 2012), dietary supplementation (vitamins, ergogenic aids; 30 d), exercise (7 

d) (Morton et al. 2006), non exercise based thermal stressors (3 months) and hypoxic 

and hyperbaric stressors (3 months) were controlled for via abstinence prior to testing 

and throughout the testing period. A questionnaire was administered prior to each 

experimental trial and sampling timepoint to determine adherence to the aforementioned 

experimental control measures. Adherence was 100 % in all participants. 

Participants were instructed to drink 500 mL of water 2 hrs before each experimental 

trial as per ACSM position stand (Sawka et al. 2007) and in line with recent work in the 

field (Hillman et al. 2011; Hillman et al. 2013). Hydration status was assessed via urine 

osmolality (UOsm) using a handheld digital refractometer (Osmocheck, Vitech 

Scientific Ltd, Horsham, UK) before any pre exercise measures were obtained and 

immediately after exercise. All participants were euhydrated (UOsrn was < 600 

mOsmols.kg.H20 (Armstrong et al. 1994)} prior to all experimental trials and remained 

euhydrated during each experimental trial despite UOsm increasing (Time; F =63.7, p < 

0.001) immediately post exercise compared to basal. 

Temperate preconditioning group (TPG) 

Temperate flat 
TPGTEMPFLAT 

20°C,50 %RH 
1 '% Gradient 

--111111•► Hot downhill 
7d between HPGHOTDOWN 
experimental 30 °C, 50 % RH 
trials • 16 •;.. Gradient 

Hot preconditioning group (HPG) 

Hot downhill I • Hot downhill 2 
HPGHOTDOWNl 7d between HPGHOTDOWNl 

30 °c, 50 •;., RB Hperialentsl 3t°C,50%RB 
- 10 o/. Gradient Irials • 16 •/4 Gradient 

All experimental trials consist or JO min r111U1ing at lactate 
threshold (~ 75 •;., \'Ol1luiJ 

Figure 5.1 Experimental design. VO:,,,,.,, (maximum OX)gen uptake}. 
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Physiological Measures 

Rectal temperature (Tre), skin temperature (Tsk), heart rate (HR) and Oxygen uptake 

(V02) were measured continuously during exercise. Rating of perceived exertion (RPE) 

and thermal sensation (TS) were measured every 5 min. Blood lactate (B[La]) and blood 

glucose (B[Glu]) concentrations were measured immediately before and immediately 

post exercise, while plasma volume was measured before each experimental trial. (See 

sections 3.31 - 3.35 and 3.38 for full details). Non-invasive measures (Quadriceps 

tenderness and VAS) of delayed onset muscle soreness (DOMS) were recorded 

immediately before, immediately post 3 hrs post, 24 hrs post and 48 hrs post exercise to 

infer whether EIMD had occurred (See section 3.36 for full details). 

Statistical analysis 

Central tendency and dispersion are reported as the mean and standard deviation for 

normally distributed data and as the median and interquartile range for non-normally 

distributed data. Statistical analyses were completed using linear mixed models for 

repeated measures (IBM SPSS Statistics 19, Chicago, IL). The best fitting covariance 

structure was selected by minimising the Hurvich and Tsai's criterion (Field 2009). 

Where significant F ratios for main and interaction effects occurred, post hoe 

comparisons were made with Bonferroni adjusted p values. Statistical significance was 

accepted at p < 0.05 (two tailed). 

5.4 Results 

Thermoregulatory response 

Exercising Tre (figure 5.2) was increased over time (F = 180.8, p < 0.001) and within the 

HPG compared to TPG (F ,= 8.5, p == 0.014) as main effects. Average exercising Tre also 

increased in HPGHOTD()WNJ (38.3 °C; F = 14.3, p =0.002) and TPGHOT1x}WN (37.9 

°C; F == 6.1, p = 0.017) compared to TPGTEMPnAT (37.7 °C). Exercising Tre was 

increased during HPGHOTrx)WNI compared to TPGTEMPrtAT between 5 - 30 min (p < 

0.05) and between 20 - 30 min (p < 0.05} during TPGHOTI.XiwN compared to 
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TPGTEMPFLAT but was decreased by 0.3 °C during HPGHOToowN2 (39.3 ± 0.3 °C) 

compared to HPGHOToowN1 (39.0 ± 0.4 °C; F == 6.1, p == 0.017) at 30 min. Exercising 

Tre increased by 2.0 °C in both HPGHOTDOWN! (37.4 ± 0.3 °C to 39.3 ± 0.3 °C) and 

TPGHOTDOWN (36.9 ± 0.1 °C to 38.9 ± 0.1 °C) suggesting TPGTEMPFLAT did not 

induce any reduction in exercising Tre• All other main effects and interactions had no 

effect on exercising Tre• Exercising Tre reductions were observed within 4 out of 6 

participants who completed HPGHOTDOWN2· When exercising Trc responses were 

compared between HPGHOTtx)wN2 and HPGHOTOOWNI within the four participants 

who responded a main effect for exercising Tre reductions of 0.3 °C (38.3 °C to 38.0 °C; 

F = 6.4, p = 0.015) was observed. 

A 48.11 _,, TPGTEMI\, \ I ;:\ 
I 
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C .. HPGHOT1) •WNI e. 3'.0 

... HPGHOT1,,v,,,-r. 
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!; 

._,_.._,,____r,,<t.&..,-..---,-._--,..-.....--
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Figure 5.2A Rectal temperature (T,.) mean (standard deviation) at O min - 30 min of exercise. A T,., 
increased (p < 0.005) during TPGHOTi,oWN compared to TPOTEMP1tA'l· B T decreased (p = 0.017} 
during HPGHOToowN2 compared to llPGHOTr)l'.;w:s,• Figure 5.28 Individual rectal temperature: responses 
at 0 min - 30 min ofexercise within the HP(i. Emir bars omitted to maintain clarity. 
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·+ Tl'C,TEMl'nx1 
·" Tl'(il!(JT.. l\\N 

- Hl'GHOTt•~•NI 
◄ · HPGHOT1• ,w~~ 

Heart rate (figure 5.3) increased over time (F = 324.5, p < 0.001) and in session 2 

(HPGHOTDowN2 and TPGHOToowN) compared to session 1 (TPGTEMPFLAT and 

HPGHOTDowN1) (F = 5.6, p = 0.040). Average HR increased during TPGHOTooWN 

(162 beats.min-1) compared to TPGTEMPFLAT (147 beats.min-1; F =22.3, p =0.001) but 

did not increase in HPGH OTDOWN I ( 161 beats.min-1) compared to HPGHOToowN2 (157 

beats.min-1; F = 2.8, p = 0.128) and TPGTEMPrLAT (F :,.;:; 3.3, P = 0.096) or in 

TPGHOTDOWN compared to HPGHOT1>0wN2 (F :=: 0.5, p = 0.484). Heart rate also 

increased during HPGHOTnowN1 compared to TPGTEMPnxr at 20 - 30 min (p < 0.05) 

and in TPGHOTDOWN compared to TPGTEMI\1.AT at 5 - 30 min (p < 0.05). Exercising 

HR decreased during HPGHOTDowN2 compared to HPGHOToowNi between 20 - 30 

min however, this did not quite reach significance (8 beats.min"1; ~ F = 3.8, p = ~ 

0.069). All other main effects and interactions had no effect on HR (p > 0.05). 

,... l!I..- ,.... ..... ·-- Ii.... .. ... u,........ --- -- -

Figure 5.3A Heart rate (HR) mean (standard deviation) at () min • JO min of exercise. A increased (p < 
0.010) during TPGHOTrx.1w:,; compared to TPGTEMP11.A, at 5 • 30 min. B increa.11ed (p "'- 0.050} during 
HPGHOTooWNt increased compared to TPGTEMP1,1,r at 20. 25 & 30 min. Errors bars omitted t() 

maintain clarity. Figure 5.38 Individual Ilean n1te (HR) responses at Omin • :\Cl min of exercise within 
the hot preconditioning group. 
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II 

Resting PV did not change (table 5.2) pnor to HPGHOTooWN2 compared to 

TPGHOTooWN or HPGHOToowN1- Whole body sweat rate (- 0.6 L.hr-1; p > 0.05; table 

3) and sweat rate per 1 °C Tre increase (- 0.1 l.°C increase; p > 0.05) also did not change 

during HPGHOTD0WN2 compared to HPGHOTDOWN I although it did increase within 

HPG compared to TPG (F == 9.4, p =0.007). All other main effects and interactions also 

had no effect on WBSR (p > 0.05). Therefore, alterations in PV and SR did not account 

for the aforementioned exercising Tre and HR reductions. 
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Figure 5.4 Plasma volume(%) mean and individual responses. A TPG Mean responses. B TPG individual 
responses. C HPG Mean responses. D HPG Individual responses. * Increased compared to basal 
HPGHOTDOW~!· 

Perceived muscle soreness response 

Visual analog scale of pain (figure 5.5) increased immediately post, 3hrs post, 24 hrs 

post and 48 hrs post exercise compared to basal (p < 0.001) and was also increased 

within the HPG compared to the TPG (F =6.8, p = 0.027). Visual analog scale of pain 

increased within TPGHOTr,owN compared to TPGTEMPFL.AT (F:::::: 14.1, p =0.003), and 

in HPGHOToowN1 compared to TPGTEMPFI.AT (F = 17.2, p = 0.001) and 

HPGHOTr>0wN2 (F = 5.2, p = 0.042). Visual anal<,g scale of pain increased from basal 

between immediately post to 48 hrs post following TPGHOToowN and HPGHOTDOWN I 

(p < 0.00 I) and following HPGHOToow:-:2 between immediately post - 3 hrs post (p < 
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0.05). A greater VAS increase occurred during TPGHOTDOWN and HPGHOTDOWN 

compared to TPGTEMPFLAT immediately post, (F = 7.2, p == 0.011 and F = 11.8, p = 

0.002), 3 hrs post (F = 6.1, p = 0.019 and F = 9.1, p= 0.005), 24 hrs post (F = 12.2, p = 

0.001 and F = 25.0, p < 0.001) and 48 hrs post exercise (F = 14.3, p = 0.001 and F = 

30.4, p < 0.001) respectively. However. VAS decreased at 24 hrs (F = 12.6, p = 0.001) 

and 48 hrs post (F = 11.3, p = 0.002) during HPGHOToowN2 compared to 

HPGHOTooWN1 indicating an attenuated DOMS response occurred. All other mam 

effects and interactions had no effect on VAS (p > 0.05). 
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Figure 5.5A Visual analog scale <.lf pain (VAS) median (interquartile range) immediately before, 
immediately post, 3hrs post, 24 hrs post and ,rn hours pt,st exercise. A increased (p 0.005) during 
TPGHEATooWN compared to TPGTEl\-iP1,1 Ar· B increased (p < 0.00!) during HPGHOT1x1w1>11 compared 
to TPGTEMPn-AT• C decreased {p <, 0.00 I) during HPGHOTuow"" compared to f!POHOToowi,.1, Error 
bars omitted to maintain clarity. Figure ~-SB VAS individual responses following TPOTEMP11xr. 5.5C 
TPGHOTooWN, 5.SD HPGHOTllows1and S.SE HPGHCfl\l('.w.'"2• 
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Quadriceps tenderness (figure 5.6) was increased immediately post exercise (p < 0.001), 

3 hrs post (p < 0.001), 24 hrs post (p < 0.001) and 48 hrs post exercise (p == 0.049) 

compared to basal. However, all other main effects and interactions had no effect on 

quadriceps tenderness (p > 0.05). Consequently, there was no difference in quadriceps 

tenderness between experimental trials. 

110---r-------,-------r----------.---
Bmal Immediately post 3 hrs post 2-'hrs post 48 hrs 1)(1st 

Time 

Figure 5.7 Quadriceps tenderness mean (standard deviation) immediately before, immediately post, 3hrs 
post, 24 hrs post and 48 hrs post exercise. Error bars omitted to maintain clarity. 

Metabolic response 

Blood lactate concentrations (Table 5.2) was increased immediately post exercise 

compared to basal following TPGHOT1)()wN (F = 11.0. p = 0.006) and HPGHOT1)()WN1 

(F =13.3, p = 0.003) by 1.0 mmol.r 1 and following HPGHOToowN2 (F = 5.7, p:;:; 0.035) 

by 0.3 mmol.r 1 but not following TPGTEMPH.AT (F = 0.0, p =0.874). This suggests 

anaerobic metabolism was greater during the HOTnowN trials compared to TEMPn.AT• 

All other main effects and interactions had no effect on B[La] (p > 0.05). By contrast, 

although oxygen uptake (V02) increased (F = 236.0, p < 0.001) there was other no 

significant main or interaction effects (p > 0.05) indicating oxygen consumption did not 

differ between conditions. 

Blood glucose concentrations (Table 5.2) increased by 1.0 mmol. 1" 1 immediately post 

exercise compared to basal during HPGHOToowM (F '"' 7.3, p = 0.020)..However this 
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increase was blunted (0.2 mmo!T1, F = 0.3, p = 0.564) following HPGHOToowN2 

indicating an attenuated disturbance of glucose homeostasis. Blood glucose 

concentrations did not change following TPGHOTDOWN (F == 0.3, p = 0.591) or 

TPGTEMPFLAT (F = 1.3, p = 0.280). Blood glucose concentrations also increased in 

HPG compared to TPG immediately post exercise (F = 4.6, p = 0.043), however, all 

other interactions and main effects had no effect on B[Glu] (p > 0.05). Therefore, 

glucose homeostasis was maintained following HPGHOT!)(JWN2 while B[La] and V02 

which did not change between HPGHOTr>0wN1 and HPGHOToowN2• 

Perceptual response 

Rate of perceived exertion (Table 5.2) increased during HPGHOTnowNi compared to 

TPGTEMPFLAT at 5 min (p =0.024) and between 10 - 30 min (p < 0.001). Rate of 

perceived exertion also increased during TPGHOTDCiwN compared to TPGTEMPFLAT at 

5 min (p = 0.021 ), and between 10 - 30 min (p < 0.00 I). Thermal sensation (Table 5.2) 

also increased during HPGHOT1x)WN! (p < 0.006) and TPGHOToowN (p < 0.001) 

compared to TPGTEMPFLAT between 5 - 30 min. However. neither RPE or TS 

decreased (p > 0.05) during HPGHOTrx)WN2 compared to HPGHOToowN1 or 

TPGHOTDOWN respectively indicating that the perceptual response to HOToowN did not 

change despite exercising Tr.: reductions. 
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Table 5.2 Physiological and perceptual responses 

TPGTEMPFLAT TPGTEMPoowN HPGHOT00WN1 HPGHOToowN2-------,--------------------'-=-"--'---
B[La] (mmol.r ) Basal 1.0 ± 0.3 0.8 ± 0.1 0.6 ± 0.1 0.8 ± 0.2 

Immediately post 1.0 ::l: 0.3 1.8 ± 0.5* 1.6 ± 0.8* 1.1 ± 0.6* 
Basal 5.0 ± 0.3 4.6 ± 0.4 4.6 ± 0.3 4.7 ± 0.3 
Immediately post 4.5 ·±: 0.9 4.8 :I: 0.4 5.6 ± 0.8* 4.9 ± 0.6 

Urine Osmt1lality Bnsal 250.0 + 200.0 150.0 :t 40.0 165.0 ± 152.5 170.0 ± 185.0 
tmOsmuls.kg H:~0) Immediately post 3 I 0.0 + 60.011 330.0 :±: I 00.0 13 390.0 ± 267.58 430.0 ± 305.08 

Body weight {kg) Basal 77.2± 16.4 76.9.±: 17.2 75.6± 11.7 75.9± 11.6 
Immediately post 76.6 ± 16.2 76.2 ➔: 17.4 74.1 ± 11.6 74.7 ± 11.7 

Sv,eal rate (Lhr 1) ___ 1.0 ± 1.0 1.3 1: 1.3 2.9 ± I. it' 2.3 ± I. Ic

-ifo:,{I11tkg,mir?)·-··-= ___0~1~J~---~-- -·-=·j mi;-;-:==-:r~··min~~-1!1.!~1 ____ 20 mi~1.. 25 min 30 min 
lI'GTEMPi n 6.4 ± 1.8 34.3 4.2* .15. l 1 5.6"' 36.2 6.4* 36. l :t. 5.6* 35.9 ± 5.0* 36.0 ± 4.0* 
TPGlJOTrx;wN 6JH, LO 34.2 + 6.2* 35.1 + 6.5* 36.l :t 7.8* 36.7 ± 7.8* 36. l ± 6.8* 36.2 ± 7.2* 
HP(ilfOTuowi--.1 6.J ,t 1.5 32.0 ± 1.8"' 32.6 ± 2.1"' 34.4 ± 1.7* 35.6 ± 1.4* 36.7 ± 1.8* 37.2 ± 1.7* 
HPGHOhvw?9 _ _ _6.5_Q'.1L __ 32.!}±,_!:J~ _3}.4.±.- !:.~.*- 33~!i±3::?~. 35.4 ± 2.4* 36.0 ± 2.7* 36.4 ± 2.8* 
RPE !!1nitsl O min 5 min l 0 min 15 min 20 min 25 min 30 min 
TPGTEMP;L,\T ·. . .·· . ... 6.0 :1: u.O . -fo.o" 2Ii ·- it).4~~0.8 I UH. 1.5 12.6 ± LS 13.2 :±: 1.6 13.4 ± 1.6 
TPGUOTnowN 6.0 i 0.0 11.4 l.J 0 D.4 :t 0.9u 14.4 :!: 0.6° 15.4 ± 0.9D 16.0 ± 0.8° 17.3 ± 1.0° 
IIPGHOTOCiWl\ll 6.0 ± n.o 11.5 + l. Ill D.2 ± 0.8° 14.2 ± I. In 15.3 ± 0.5° 16.5 ± 0.6° 17.5 ± 1.2° 
HPGHOT1x.1WN.? 6.0 :± 0.0 l l.8 ± 0.8 12.8 ± 0.8 13.7 ± 1.0 15. I ± 1.0 16.0 ± 1.3 17.0 ± 1.3 
Th {lJnitsJ ... - i) min - - 5 min-· --· lO_m.in 15 min 20 min 25 min 30 min 
11)GTE~,iPHAT ... . . •·. .. 4.0 ,t 0.0 .. 3.6 ± Lt . 4.4 ± 1.0 5.0 ± 0.9 5.4 ± 0.7 5.5 ± 0.6 5.5 ± 0.7 
TPGHOTnoww ,to f: 0.0 5. I ± 0.7° 5.6 :l:: 0.7° 6.0 ± O.i> 6.6 ± 0. 7D 7.0 ± 0.4D 7.3 ± 0.3n 
HPGHOToowNI 4.0 ± 0.0 4.7 ± o.st> 5.3 ± 0.4° 5.8 ± 0.5D 6.3 ± 0.4D 6.8 ± 0.4D 6.9 ± 0.4° 
HPGHOToowN2 4.0 ±: 0.0 4.8 ± 0.4 5.5 ± 0.7 5.7 ± 0.7 6.3 ± 0.4 6.7 ± 0.4 6.8 ± 0.4 
• (increased compared to basal (p < 0.05), A (increased compared to HPGHOT nowN1), 8 (increased from basal (main effect)), c (Increased in HPG compared to 
TI>G). n (Increased compared to TPGTEMPnxr), 
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5.5 Discussion 

The current study demonstrated for the first time that an acute preconditioning trial 

(HPGHOTnoWNl) decreased exercising Tre by 0.3 °C at 30 min of an identical trial 

completed 7 d later (HPGHOTDOw;'d• A trend for exercising HR reductions (~ 8 

beats.rnin. 1) between 20 - 30 min during HPGHOT!loWN2 was observed, but PY did not 

increase. Perceived muscle soreness (VAS) was not present before HPGHOToowN2 and 

was reduced following HPGHOT1lowN.2 cornpared to HPGHOTrx>WNI at 24 hrs and 48 

hrs. Exercising Tr.: increased by 2.0 °C during both HPGllOTnowN! and TPGHOToowN 

suggesting TPGTEMPn.AT had no preconditioning effect. 

Thermoregulatory and cardiovascular response~ 

Previously. acute exercise heat stress did not induce exercising Trc reductions 7 d later 

(Barnett and Maughan 1993) with 3 - 5 repeated exercise heat stress trials typically 

required to reduce exercising Trc during subsequent exercise heat stress (Marshall et al. 

2007; Garrett et al. 2009; Castk et al. 20 l l). A!though similar exercising Tre increases 

occurred during both the current study and the study of Hamett and Maughan (1993) 

(39.3 cc peak and 2.0 cc increased fmm hasal) the cardiovascular (HR 189 beats.min" 1 

compared to 180 beat.min· 1) and metaholic (~ 66 % VOimax compared to ~ 55 % 

VO2max) strain induced was greater in the current study. The thermal and cardiovascular 

strain induced ·were abo gn:ater during f lPOHOT1w11,H~ 1 cumpurcd to previous exercise 

heat stress based heat acclimmfon pmtucols \vhcre exercising Tre and HR peaked 

between 38.4 - 38.7 °C and 160 beatmirf respectively (~farshall et al. 2007; Garrett 

et al. 2009; Castle et al. 2011 ). The speed at which heat tolerance is acquired appears to 

be dependent on the magnitude of the themu1l impulse induced (Taylor 2014) 

suggesting the faster adaptation {exercising T redm::ti,ons} in the current study could be 

due to the greater thennal. and rnetnholk ~train induced during 

HPGHOT1x)WN 1-

The increased thennal and e&1lfa)vliscul*ir strain induced during HPGHOT1x)wN1 

reduced exercising Trc during HPGH< t:11:V'lNJ heat di~sipation as resting 
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https://TPGTEMPn.AT


Tre did not change between HPGHOTDOWN! and HPGH OTDOWN2• Improved 

cardiovascular stability could be one of the responsible mechanisms as exercising HR 

decreases sustain stroke volume, cardiac output and therefore, maintains cutaneous 

blood flow and thus heat dissipation to the environment (Gonzalez-Alonso et al. 2008). 

A trend for HR to be reduced occurred within 5 of the 6 participants who completed 

HPGHOTDoWN2, between 20 - 30 min of IIPGl:--IOTt>oWN2 (- 8 beats.min-1). Similar HR 

responses accompanied by exercising T,c· reductions of 0.2 - 0.4 °C within heat 

acclimation based protocols (Febbraio et al. !994: Watkins et al. 2008) suggesting the 

HR responses within the current study \\'ere physiologically significant (Morton 2009). 

Indeed statistical significance did not occur due to the small sample size (n == 6) and 

large number of timepoints (n ""·' 7Jrestricting statistical power (Bates et al. 1992). These 

HR reductions do not appear to he underpinned hy PV expansion which only occurred 

in 2 of the 5 participants who demonstrated HR reductions. This is unsurprising as PV 

expansion typically decays faster than HR reductions. returning to basal values within 7 

d of exercise heat stress based heat acclimation programmes (Convertino et al. 1980; 

Garrett et al. 2009). Consequently. autonomic adaptations likely underpin the HR 

reductions observed (Horowitz and tv1eiri 1993). The absence of PY expansion was not 

an artefact of the small sample size utilised as 5 participants are sufficient to detect a 

significant 4.6 % PV increase (two tailed test with alpha of 0.05 and power of 0.8). 

Improved cardiovascular stability wus not accompanied by enhanced evaporative heat 

loss as WBSR and s\veat rate per I °C Tit increai:e did not change during 

HPGHOToowN2 compared to HPGHOT1xJwi,;i. This is not surprising as increased 

WBSR and mean T,1,: reductions typically require 5 - 7 daily exercise heat stress based 

thennal impulses (Cotter et al. 1997: Daam:n et ~d. 11; Garrett et al. 2014) suggesting 

the threshold for adaptation was m.1t rcm::hcd in ;'I sing!I.! experimental trial. lV1ean Tsk did 

not change, probably due to the need ta maintain cutancou~ blood flow for heat delivery 

to the skin surface and the similar sweat responses observed (Taylor 2014). 

Muscle damage induct~d by dtmnhill n.nming humans increased thennoregulatory 

strain during subsequent exercise heat stres-;, ho\\t\·er, this occurs at !cast 46 min later 

(Montain et al. 2000; Fones et al. 2013). Cc,nsequ-.:ntly. although an attenuuted DOMS 
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response suggests less muscle damage occurred following HPGHOTDoWN2 compared to 

HPGHOTDOWNJ this does not explain the exercising Tre reductions observed. 

Oxygen uptake and B[La] were similar in both experimental trials (HPGHOT DOWNJ and 

HPGHOToowN2)- However. these measures do not directly indicate metabolic strain 

which may not be the same in both experimental trials. Hence differences in ATP 

breakdown and therefore. heat production could partially explain exercising Tre 

reductions during I IPGHOTnowN2-

The current study appears to suggest that the exercising Tr.: reductions were probably 

caused by an improved rate of heat dissipation mediated by improved cardiovascular 

stability. The current study did not measure cutaneous blood flow to confirm this 

postulation. Therefore. future studies nl!ed tn utilise laser doppkr flowmetry or venous

occlusion plethysmography to verif: thi:, mechanism. Although numerous studies 

suggest sweat rate does not increase until completion of 5 - 7 daily exercise heat stress 

trials this could be an experimental artefact induced by poor sensitivity of the WBSR 

technique (Marshall et aL 2007). Instead future work should measure local sweat rates 

using ventilated sweat capsules as detailed pre, iously tPatlcrson et al. 2014). 

Practical applications and future work 

An acute hot dmvnhill ninning trial induced siinilar exercis.ing T,t: reductions as 3 d of 

repeated exercise heat stress trials (Marshell et al. 2007: Castle et al. 201 l ). Despite 

these interesting results the small participant number (n = 4) in which exercising Tre 

reductions were observed suggests caution is required extrapolating these findings to 

applied settings. Indeed future rc::.1..;arch pwgramme should utilise larger study 

populations to confirm the obst.:-rved were nM due to the four participants being 

high responders to exercise or therrn::tl stimulation 2014}. A further concern is 

that perceived muscle soreness [VASl increas<.-d following l1PGliOTnow1.;i and 

TPGHOTDoWN peaking at 24 hrs t~Jst exercise before returning tt) basal values by 7d, as 

per previous research (Est,m et al. I996>, This rcspon:ii: Wal> (numerically) greater 

following HPG! l<H: )OW';, c,impan.:d 
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increases were observed within participants who completed TPGHOTDOWN and four 

participants who completed HPGHOTrx)WNl· Therefore, the median VAS response was 

skewed by two outliers. participants 001 and 002. It is unclear why these participants 

experienced a larger DOMS response although physiological differences such as a 

higher percentage of type I l muscle fibres (Vijayan et al. 2001) and lower basal HSP 

concentrations (Touch berry et al. 2012) \1.'ithin the quadriceps could have caused these 

participants to be more susceptible to muscle damage. The attenuated DOMS response 

during HPGHOl'rx>wN2 suggests a repeakd bout effect was induced by hot downhill 

running. Once the acute muscle damaging response has ceased this could attenuate the 

increased thermorcgulatory strain induced by muscle damage providing protection 

against exertional heat illnesses <luring repeated or prolonged trials of exercise or 

occupational activities which are completed in hot environments with an eccentric 

component (Armstrong et al. 2007; Fortes et al. 20 l 3). Unfortunately, the acute muscle 

damage response following similar downhill running protocols lasts between 3 d - 7 d 

(Eston et al. 1996; Etheridge et al. 2008) and is associated \Vith reductions in exercise 

performance (Marcora and Bosio 2007). These factors attenuate the ecological validity 

of any exercising Tre reductions induced by hot downhill running. as existing short term 

heat acclimation protocols induce similar exercising T reductions of 0.2 °C - 0.4°C by 

the third daily trial of exerci!'-e heat strcs~ (!'v1arshall et al. 2007; Castle et al. 2011; Costa 

et al. 2014), Hence, future work needs to determine ·Nhether the muscle damage 

response follo\11,'ing hot do\,nhill running is resnlved within this 3 d time period if a hot 

downhill running trial is to be used as an acute preconditioning intervention. 

Summary and conclusions 

The current study suggests an acute trial of hot dm.vnhill running (HPGHOTDoWNJ) can 

reduce exercising Tre by 0.3 at mm IIPGHOTrn1v, ~.: 7 d later. Although these 

results are interesting future work needs to determine if exercising Trc reductions still 

occur within larger study populations and are t'\.:ufogical!y 'Ii.di& 
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Chapter 6. Experiment 3: A novel intervention to 

attenuate the cellular stress response during exercise in 

a hot environment. 

6.1 Abstract 

Heat acclimation (3 - I 0 d) enhances thermotolerance via elevated basal HSP72 

concentrations. but is not feasible when rapiJ deployment to hot environments is 

required. This study sought to determine \Vhether an acutely delivered trial (downhill 

running in a hot environment). could attenuate Hsp72 mRNA and Hsp90a. mRNA 

responses during a subsequent exercise trial while also elevating vastus latera!is (VL) 

HSP72 concentrations. Participants \:\ere split into two groups. The temperate 

preconditioning group (TPG) completed 30 min running at lactate threshold (LT) on a -

1 % gradient in 20 °C and 50 relmive humidity (RH) (TPGTEMPFLAT) and 7 d later 

completed 30 min running at LT on -10 gradient in 30 and 50 % RH 

(TPGHOTDowN). The hot preconditioning group (HPG) completed two trials of 30 min 

running at LT on -10 % gradient in 30 ,:,C and 50 % RH (HPGHOTD<)WNl and 

HPGHOToowN2) also separated by 7 d. Venous blood samples and muscle biopsies 

(VL) were obtained before. immediately after, Jhn; pclst, 24 hrs post and 48 hrs post 

each experimental trial. Reverse transcriptase quantitative PCR was conducted to 

determine Hsp72 mRNA, Jlsp90a: mRNA. Grp78 mRNA and Grp94 mRNA relative 

expression within leukocytes and the VL. Western hkming was used to detennine VL 

HSP72 concentrations. The Hsp72 mRNA and J!sp90a mRNA responses were 

attenuated within both leukocytes and thf! VL fr;llowing HPGliOTrx)w~2 compared to 

HPGHOTDOWN!• The attenuateJ exercising Tr..: and D()\1S {lvithin skeletal muscle) 

responses observed in chapter 5 were likdy ,.,,,..,,.,"'" .is HSP?Z increases occurred 

after TPGHOTDOWN and HPGHOTm,·.v~2. The leukne-yte Hsp mRNA response maybe a 

useful surrogate for the VL response. 
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6.2 Introduction 

Exercise, occupational activities and military operations are often completed within hot 

humid environments where a high heat load is induced increasing the risk of exertional 

heat illnesses (Epstein et al. 2012). Exercising Trc reductions (Lee et al. 2006) and/or 

elevated basal HSP72 ( Yang et al. 1998) attenuate cxertional heat illness risk. These 

adaptations are acquired by completing heat acclimation (HA) programmes with 

exercising Trc reductions occurring within 3 <l (Marshall et al. 2007~ Costa et al. 2014). 

This may not be logistically viable. where rapid redeployment of soldiers and 

emergency workers to hot climates is required (Garrett et al. 2009), and for athletes due 

to disruption of the pre competition taper (Garrett et al. 2012). Interestingly, in chapter 4 

Hsp72 mRNA was increased follovving downhill running and exercise completed within 

a hot environment. In chapter 5 these stressors were combined and used as an acute 

preconditioning trial (hot downhill). Previously, Hsp72 mRNA increases following 

exercise were translated into elevated basal HSP72 concentrations (Paulsen et al. 2007). 

Therefore, the HSP72 response following hot downhill should be investigated to 

elucidate whether hot downhill running has the potential to enhance HSP72 mediated 

thermotolerance as demonstrated during in vitro heat shock in human cells (Theodorakis 

et al. 1999) and in vivo based rodent models (Lee et al. 2006). 

Any reduction in cxertional heat illness risk conferred by the exercising T1e reductions 

observed in chapter 5 or elevated ba:;,al HSP72 concentrations need to be confinned via 

an attenuated cellular stress rcsponi:;e. Pre, it)Us!y. exercising T,. reductions following 

exercise heat stress and HSP72 incn.:ascs folio\.\ ing h-::at ::shock preconditioning in vitro 

attenuated the Hsp72 mRNA respe1nse wit.hin PBMCs: (Marshall et at 2007) and human 

cells (Theodorakis et al. 1999) the Hsp72 mRNA response 

appears to be a marker of thenn1)tolcrance and thus thi! magnitude of its induction could 

indicate the extent of cellular heat acclimation and therefore risk c)f exertional heat 

illness (Marshall et al. 2007). Similarly. the Hsp90a mRNA has been suggested as a 

marker of thermotolerance following exercise heat stress (Moran et aL 2006}. Indeed 

HSP90a regulates transmission of signalling crisc.ades (Tai:paie et al. 20H>). recc,vcry of 

global protein synthesis (Ouncan :!005) and regulntion (lf cellular repair (Erlejman et al. 



2014) and therefore, has a crucial role regulating the cellular stress response and 

conferring thennotolerance. An attenuated Grp78 mRNA and Grp94 mRNA response is 

also of interest because it indicates when the unfolded protein response ends (Ron and 

Walter 2007) and may also act as a biomarker of thermotolerance within heat intolerant 

individuals (McMillan et al. 1998) where HSF-l signalling and Hsp72 mRNA and 

Hsp90cr mRNA transcription are attenuated. 

Previously, Hsp72 mRNA and l lsp90c1 mRNA responses were measured within PBMCs 

or leukocytes (Moran et al. 2006; Marshall et al. 2007) as this is a highly accessible 

tissue. However, as discussed within secti(1t1 2.2 thcrmotolerance may be of greater 

relevance within skeletal muscle. Unfortunately. obtaining multiple muscle biopsies 

prior to relocation to hot environment is a not viable for perfom1ance, comfort and 

medical reasons. Therefore, determining whether leukocj'tes are an appropriate 

surrogate tissue for determining skeletal muscle thermotolerance by measuring the 

Hsp72 mRNA, Hsp90a mRNA. Grp78 mRNA and Grp94 mRNA or protein responses 

concurrently within both tissues requires elucidation. 

Therefore, this experiment aimed to determine whether exercising lre reductions during 

HPGHOToowN2 (observed in chapter 5) and any basal HSP72 increases prior to 

HPGHOToowN2 attenuated the Hsp72 mRNA. HspCJ0 mR:\A. Grp78 mRNA and Grp94 

mRNA responses. This could indicate a reduced cxertional heat illness risk. It was 

hypothesised that hot downhill running {HPGHOirx1wNi) \Vould increase basal HSP72 

concentrations prior to the second hot dovmhill trial (lIPGHOTL><>l.1.:,..2) and attenuate the 

Hsp72 mRNA. Hsp90 mRNA, Grp78 mRNA and Orp94 mRNA responses aftenvards. 

The temperate flat trial would have no prcc<mditioning etkct. 

6.3 Method 

Participants 

Demographic variables (see table 6.1 ) were recorded for I l male Caucasian participants 

were non smokers and were non heat acclimated ( experimental trials completed 

between January and March within the UK: avt:ragc tempemturcs LS c,c ,_ 8.1 °C 



(MetOffice 20 I l )). Body mass (kg) and height (cm) were measured with a single set of 

mechanical scales (Weylux Marsden 424) and a stadiometer (Harpenden HAR- 98.602) 

respectively. Body composition was measured using air displacement plethysmology 

(Bod Pod 2000A) while LT and V02max were determined using a graded treadmill test 

(Jones 2007) (See sections 3.1 L 3.12 and 3.21 ). 

Sample size calculations fc,r HSP72 were determined via G.Power 3.1 using data from a 

previous paper (Morton et al. 2006). For a two tailed test with an alpha of 0.05 and 

power of 0.8. 6 participants were required to find a significant HSP72 increases. The 

total sample size of 6 (5 in TPG and 6 in HPG) was dictated by orthopaedic surgeon 

availability and participant drop out. Surgeons \'vere only available during weekday 

afternoons (2 PM onwards) for an 8 week rotation, and an extensive biopsy time course 

was required. Therefore. only 12 participants could be completed. 

Table 6.1 Participant demographic characteristics 

Temperate preconditioning Heat preconditioning Group sig 
group (TPG I group (HPG) (p < 0.05) 

Age (Years) 20.4 ± 2.8 21.7 ± 2J 0.426 

Height (cm) 177.0 :1: 7.0 180 !0.0 0.593 

Body Weight (kg) 75.2 !. 18.1 76.l t 12J 0.931 
50.8 + 6.9 52.8 ,;:. 5.0 0.587V02max (ml.kg.min· 1) 

% Lean mass 88.3 :t. l !5 $6.8 4.8 0.777 

l :L! :t 4.8 0.777 
_ 0_1/o_B_o_d~y_F_at___~_..!_!.:?,:_!_~·~---··· '•'·''·-·····-· .._______ 

ml.kg.min (millilitres per kilogram per minutcJ, V( (maximum o};ygen uptake i. 

Experimental design 

Participants were split into two experimental groups (see figure 6. l ). The temperate 

preconditioning group (TPG) condition featured two exercise trials. separated by 7 d: 

TPG Exercise trial 1) Temperate flat ('rf>GTEMP11,;rr'.l which involved 30 min running 

at the LT on a l % gradient in 20 

TPG Exercise trial 2) 7 d post TPGTEMPH»r. hot downhill (TPGHOT1x1wN) which 

involved 30 min downhill running at the Ll on a - l O gradiem in 30 . 50 %, RH. 
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The hot preconditioning group (HPG) condition again featured two exercise trials 

separated by 7 d: 

HPG Exercise trial 1) Hot downhill (HPGHOToowN1) which involved 30 min downhill 

running at the LT on a - I 0 % gradient in 30 °C, 50 % RH. 

HPG Exercise trial 2) 7 d post HPGHOTnowN1, hot downhill 2 (HPGHOTIX)wN2) which 

involved 30 min downhill running at the LT on a -10 % gradient in 30 °C, 50 % RH. 

All experimental trials were completed at the running velocity which elicited the LT to 

minimise differences in metabolic strain betvveen experimental trials (Baldwin et al. 

2000). However. environmental temperature mediated differences still remained as 

relative exercise intensity is higher at the same velocity during exercise in hot 

environments (Lorenzo et al. 2011 ). All experimental trials were completed at the same 

time of day to minimise the influence of diurnal and circadian variations on exercise 

performance (Reilly 1990). The confounding variables of caffeine and alcohol (72 hrs), 

non steroidal anti inflammatory medications ( 48 hrs) (Nielsen and Webster I987; Van 

Wijck et al. 2012), dietary supplementation (vitamins, ergogenic aids; 30 d), exercise (7 

d) (Morton et al. 2006). non exercise based thennal stressors (3 months) and hypoxic 

and hyperbaric stressors (3 months) were controlled for via abstinence prior to testing 

and throughout the testing period. A questionnaire was administered prior to each 

experimental trial and sampling timepoint to detennim: adherence to the aforementioned 

experimental control measures. Adherence was 100 <}o in all participants. 

Participants were instructed to drink 500 mL water 2 hrs before each experimental 

trial as per the ACSM position ,;;tand (Sawka et at 2007). Hydration status \Vas assessed 

via urine osmolality (UOsm) using a handhcld digital refractometer (Osmocheck, 

Vitech Scientific Ltd, Horsham. l'K) hefore any pre exercise measures were obtained 

and immediately after exercise. AU participants were euhydrated (COsm was < 600 

mOsmols.kg.H20 (Armstrong et al. 1994)} prior to an ex~'Tirnental trials and remained 

euhydrated during each experimental trials despite t:Osm increasing (Time~ F = 63.7. p 

< 0.001) immediately post exercise compared to ba~l. 
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Temperate preconditioning group (TPG) 

Temperate flat 
TPGTEMPFLAT 

20°C,50%RH 
l % Gradient 

• 
7d between 
experimental 
trials 

Hot downhill 
HPGHOTooWN 

30°C. 50 % RH 
- l O % Gradient 

Hot preconditioning group (HPG) 

Hot downhill 1 Hot downhill 2 
HPGHOTDO\\!Nl 7d between HPGHOTDOWN2 

30 °C, 50 %, RH experimental 30 °C, 50 %, RH 
- 10 % Gradient trials - 10 % Gradient 

AH experimental trials consist of 30 min running at lactate 
threshold (- 75 % V02ma1 ) 

Figure 6.1 Experimental design. VO_'."""' (maximum ()Xygen uptake). 

Molecular phvsioloQ.v measures 

Leukocytes were isolated frQm venous blood samples and muscle biopsies were 

obtained from the VL immediately before (basal), immediately post, 3 hrs post, 24 hrs 

post and 48 hrs post exercise. The TRlzol method was then used rn extract Rl'iA from 

both leukocytes and the VL and RT-QPCR ,,as perfmmcd to ascertain Hsp72 mRNA, 

Hsp90a mRNA Grp78 mRNA and (irp94 mRNA relative expression. Protein was 

extracted using a protein lysis buffer and western blotting was performed to ascertain 

HSP72 concentrations ,vithin the VI. samples (see sections 3.41 - 3.46). 

Statistical analvsis 

Central tendency and dispersion are repo1ted as the mean and standard deviation for 

normally distributed data and m: the median and interquartile range for non-mmnally 

distributed data. Statistical .ma!yscs \\Cn.: completed using linear mixed models for 

repeated measures (IB1\1! SPSS Statistks 19. Chil'ago, II,). The hest fitting covariance 
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structure was selected by minimising the Hurvich and Tsai's criterion (Field 2009). 

Where significant F ratios for main and interaction effects occurred, post hoe 

comparisons were made with Bonferroni adjusted p values. Statistical significance was 

accepted at p < 0.05 (two tailed). Effect sizes for HSP72 were determined using 

Cohen's d equation (Cohen 1992): 

d Mg,-,,upl · · lv1gmup2 I SD Pooled 

Where M is mean and SD is standard deviation. 

6.4 Results 

Vastus lateralis Hsp mRNA resp_QI!§~ 

To determine their suitability as markers of the cellular stress response the Hsp72 

mRNA, Hsp90a mRNA, Grp78 mRNA and Grp94 mRNA responses were assessed 

within the VL. Vastus lateral is Hsp?'.:! mR:\JA increased immediately post (p < 0.001) 

and 3 hrs post exercise (p = 0.002) compared to basal. Vastus lateralis Hsp72 mRNA 

also increased within TPGHOTrxJw~ compared t{) TPGTEMPn.A1 (F = 5.1, p = 0.026) 

but not within HPGHOTrx>wts:1 compared to TPGTEMPt:tAT {F = 3.6. p = 0.078) or 

HPGHOToowN2 (F = 1.3, p = 0.256). Vastus latt·ralis Hsp72 mRNA increased following 

TPGH OToowN (p < Cl.00 l) immediately post exercise compared to basal (p < 0.00 l ), 

TPGTEMPrur (F = 24.2. p < 0.001) and HPGHOTnowt,~ (F = 9.7. p = 0.003). Vastus 

lateralis Hsp72 mRNA increased follmving IIPGHOT1x>WNl (p < O.OOI) immediately 

post exercise compared to basal with increases also observed compared to 

TPGTEMPFLAT immediately post (F 9.2. p = 0.004) and 3 hrs post o: = 6.6. p = 0.013) 

and HPGHOTDowN2 immediately post excrci:si:: (F 5.0. p 0.028}. All other main 

effects and interactions had no effect (p > 0.05) on VL H~p72 mRNA 
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Figure 6.2A Vastus lateralis Hsp72 mRNA A Median (Interquartile range) immediately before, 
immediately post, 3 hrs post, 24 hrs post and 48 hrs post exercise. Data are presented as fold change from 
basal.* increased (p < 0.001) compared to basal. A increased (p • 0.020) in HPGHOTDOWNt compared to 
TPGTEMPFLAT· B increased (p < 0.00 I) in TPGHOTDOWN compared to TPGTEMPl'I.Ar• C increased (p = 
0.028) in HPGHOT00w~, compared to HPGHOToov.'N2• D increased in TPOHOTDOWN compared to 
HPGHOT00WN2• 6.2B Vastus lateralis Hsp72 mRNA individual responses for TEMPrur, 6.2C 
TEMPooWN, 6.2D HOTFLo\1 and 6.2E HOTDOWN• 

Vastus lateralis Hsp90a. mRNA (figure 6.3) increased immediately post exercise 

compared to basal (p < 0.001 ). Vastus lateralis Hsp90a. mRNA decreased within 

HPGHOToowN2 compared to HPGHOTooww1 (F = 7.S, p = 0.016), however, 

HPGHOToowN1 (F =2.5, p = 0.142) and TPGHOTooWN (F = 2.5, p = 0.134) did not 

increase compared to TPGTEMPs:LAl• Vastus lateralis Hsp90a mRNA increased 

immediately post exercise following TPGHOTDOWN (p < 0.00 I) compared to basal, 

TPGTEMPFLAT (F = 8.4. p = 0.006). and HPGHOT00WN2 (F 1111 7.4, p = 0.010). Vastus 
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lateralis Hsp90a mRNA increased immediately post (p < 0.001) and 3 hr post following 

HPGHOToowNI compared to basal (p = 0.020). Vastus lateralis Hsp90a mRNA also 

increased during HPGHOTDOWN! compared to TPGTEMPr:LAT immediately post (F = 

4.3, p = 0.044), 3 hrs post (F = 4.4. p = 0.043) and compared to HPGHOToowN2 

immediately post exercise (F = 19.4, p < 0.00 I). Group and experimental trial as main 

effects and all other interactions had no effect (p > 0.05) on VL Hsp90cx mRNA. 
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Figure 6.3A Vastus lateralis Hsp90a mRN.r\ ;\iedian Onterqi.w.rtik range) immediately before, 
immediately post, 3 hrs post. 24 hrs post and 48 hrs post e1<ercist-. Data are presented a.c; fold change from 
basal. * increased (p < 0.001) compan.>d to ba.'iat A mcr~ (p "' 0.006) during TPGHOT00\,\"N 

compared to TPGTE7v1PFL.t,r• B increased (p 0.001) duril18 llPGHOl1~)!.,,,1 compared to 
HPGHOToowN2, C increased (p ,: 0.05) during HPOHOTt)rffl,~,: oomp&-cd to TPOTEMP,1...r• D increased 
(p = 0.01) during TPGHOToclWN compared w HP(iH()'locr,,r,.i, Figure 6.:m \.istu~ latera:lis Hsp90a 
mRNA individual responses for TPG'fE'\iPi; .•.,v. 6JC TPGHOTi:11:iw.._, Figure 6.3D 
HPGHOToowNt and Figure 6.3 E HPGH()T l)(J',h'N:Z• 
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Vastus lateral is Grp78 mRNA (figure 6.4) increased (p < 0.002) immediately post, 3 hrs 

post, 24 hrs post and 48 hrs post compared to basal. Vastus lateralis Grp78 mRNA also 

increased within the TPG immediately post (p =0.003) and within the HPG at 3 hrs post 

(p < 0.001) and 24 hrs post (p < 0.001). Vastus lateralis Grp78 mRNA increased 

following TPGHOTr)(JWN immediately post (p < 0.001 ), HPGHOTooWNi 3 hrs post (p = 

0.001) and 24 hrs post (p = 0.009) and following HPGHOTm)WNl 24 hrs post (p = 
0.003) but did not change following TPGTEMPnxr, Therefore, the VL Grp78 mRNA 

response was not attenuated follcl\Ning l lPGI-H)T1x>wN:- Group and experimental trial as 

main effects and all other interactions had no cffoct (p > 0.05) on VL Grp78 mRNA. 
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Figure 6.4A Vastus lateralis Grp78 mR"-A r.kan hdm1e. immediately 
post, 3 hrs post, 24 hrs post and 48 hrs exerd11e. Oa!a IR' l'!ri.--,uit1 iu change from basal. * 
increased (p < 0.0 I) compared tQ bao;al. A increa:,Cd (p <l.O,l l during HPGiiClT,l!tW'.,, compared to 
TPGTEMPFLAT· B increased (p · 0.00 l l durimi HP(; H'IU111ni,1 lf'Ci. C 1ft..:rta~d Kp during 
TPGHOToowN compared to HPGJ !OT um\',:, D d1:i-:1•euc:d tp !J.O I) during TI>GliO'f,i,,,11,; compared to 
TPGTEMPFl,AI· Figure 6.48 \'astus bli.lrali" mRl\jA t,c,p11nse~ fc,r TPCi1'EMP11 n, 
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No main effect or interaction had any effect on VL Grp94 mRNA (Figure 6.5; p > 0.05). 

0.8 
0 TPGTEMPn1,r 

!.SI TPGTEMPnowN 

- HPGHOT1x,wN1 
D HPGHOT[)O\\'N~ 

Basal humtdlatdy ptil 3 lln poll 24 tin pelll 411 ltrs post 

Timj,' 

Figure 6.5 Vastus lateralis Grp94 mRNA \1edian (Interquartile range) imrnediately before, immediately 
post, 3 hrs post, 24 hrs post and 48 hrs post exercise. Data arc presented as fold change from basal. 

Leukocyte Hsp mRNA response 

Leukocyte Hsp72 mRNA, Hsp90a mRNA. Grp78 mRNA and Grp94 mRNA responses 

were then assessed to determine whether these responses were suitable surrogates for 

the VL Hsp mRNA response. Leukocyte Hsp72 mRNA (figure 6.6) increased 

immediately post (p < 0.001) and 3 hrs post exercise (p = 0.004) compared to basal. 

Leukocyte Hsp72 rnRNA was increased ,vithin HPG!l0l'rx>w-s1 compared to 

TPGTEMPFLAT (F = 4.2. p = 0.049} and \\as decreased within HPGHOTnow:--12 

compared to HPGHOTDoWNI (F I 0.2. p 0.003). Group and experimental trial as 

main effects and all other interactions had no dlect (p > 0.05) on leukocyte Hsp72 

mRNA. 
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Figure 6.6A Leukocyte Hsp72 mRNA Median (lmerqumtile range) immediately before, immediately 
post, 3 hrs post, 24 hrs post and 48 hrs post exercise. Data are presented as fold change from basal. A 
HPGHOTooWNI increased (p 0.0➔ 9) compared to Hl'G!Kfl,,,, . .,_,,;, B HPGHOToow:,,. 1 increased (p = 
0.003) compared to TPGTEi\.!l\ 1 ,i· Figure 6.68 Leukocyte lbp72 mRNA individual responses for 
TPGTEMPFLAr, 6.6C TPGHOT1>tm s, 6.6D HPGHOT11, and 6,6l: HPGHOTDO'l,\INZ• 

Leukocyte Hsp90a mRNA (figure 6.7) increased 0.001) immediately post exercise 

compared to basal. However, leukocyte Hsp90a. mRNA. \Vas increased following 

TPGHOTDOWN immediately post (p .;;;: 0.024) compared to basal, but did not change 

following TPGTEMPFLAT• Leukocyte Hsp90a mRNA also increased following 

HPGHOTDOWN! immediately post (p < 0.00 l1 3 hrs post (p = 0.041 ) but did not 

increase following HPGtlOTrJ<iWN.? suggestinp a ofthe cellular stress response. 

Leukocyte Hsp90a. mRNA increased HPGHEAT00WN1 (F 10.l, p = 

0.002) and TPGHOTix,wN (P 5.3. p = 0.024} cumpared to TPGTEMP11.AT immediately 
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post exercise, but decreased following HPGHOToowN2 compared to HPGHOTnowN1 

immediately post exercise (F = 4.9, p = 0.030). There was no difference between 

HPGHOT00WN2 and TPGHOTnowN immediately post exercise (F = 1.8, p = 0.188). 

Group and experimental trial as main effects and all other interactions had no effect (p > 

0.05) on leukocyte Hsp90a mRNA. 
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Figure 6.7A Leukocyte Hsp90a mRNA Median (Interquartile range) immediately before, immediately 
post, 3 hrs post, 24 hrs post and 48 hrs post exercise. Data are prese-nted as fold change from basaL * 
Hsp90a mRNA increased (p < 0.025) compared 10 basal. A Hsp90a mR~A increased (p"' 0.024) during 
TPGHOTDOWN compared to TPGTIMPn 4'U · B Hsp90u mR.?',;:\ increased (p 0.030) during 
HPGHOToow:--i1 compared to HPGHOT1xw.,;, C Hs:p9011 n1RNA (p 0.002) during HPOHOTrxiw~: 
compared to TPGTEMP,v.i. figure 6. 78 Leukocyte Hiip90a mR'.\A individual responses for 
TPGTEMPn,AT, 6.7<: TPGHOTIXi\H,, 6.70 HPGJ·IOT:xw,,> ().11= HPGHOTU<,ws:. 
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All main effects and interactions had no effect on leukocyte Grp78 mRNA (Figure 6.8 

A) and leukocyte Grp94 mRNA (Figure 6.8 B). Therefore, leukocyte Grp78 mRNA and 

leukocyte Grp94 mRNA did not change following any of the experimental trials. 
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Figure 6.8A Leukocyte Grp78 mRNA Median Figure 6.SB Leukocyte Grp94 mRNA Median 
(Interquartile range) immediately before, (Interquartile range) immediately before. 
immediately post, 3 hrs post, 24 hrs post and 48 lm immediately post, 3 hrs post, 24 hrs post and 48 hrs 
post exercise. Data presented as fold change from post exerci~e. Data presented as fold change from 
basal. basal. 

Vastus lateralis HSP72 protein response 

Vastus Lateralis HSP72 concentrations (Figure 6.9) increased at 48 hours compared to 

basal (Mean difference "" 32.3 %: 95% C'f = 7.8 % to 56.9 %. p = 0.003). The 

interaction between experimental trial and time showed VL HSP72 increased following 

experimental trial 2 (TPGHOTrx,wi,; and HPGHOT1x>WN2) at 48 hrs compared to basal 

(Mean difference= 51.7 %; 95 Cl = 13.6 %1 to 89.9 p = 0.002) and compared to 

experimental trial I (TPGTEMPn.t.r and JlP(:iHOT1JowN1; l 12.9 :±: 31.2 to 157.5 ± 30.9 

%, F = 11 .4, p = 0.001 ). Group and experimental trial as main effects and all other 

interactions had no effect (p > 0.05) nn VI I lSP72. 

1m 

http:TPGTEMPn.AT
https://ll'<ill()1'1,,.�.11


6.9A l!III CJ Tl~iTEMl'u \T 11111 lll~i!IOT1,,v.,;1 

.,.. Tf><iTEMPu.,,•rnl'.\ 

...,. TfiliTIJ,.fPn.... r 004 

...,_ TPCiTEMP~1. ~i 00h 

....,. fPOTEMl'n 1,l 001,1 
e .... Tl'<iT[Ml',L,.!lMIII 

£~ ..., HP(rfk}'f11 ,1.,~:i HH7 

; j -+- lll'<Hl<'I,. •~•11t! l!li- ...., Hf'(i'tft.)li• ,\\,:,-:1 Ot.J!.t 

.i:t,
.! • 1

H 
; -~ >:. 

- -~-Jlw,-.. 24 ... ,... .... ,.... 
Time 

+ n,1nirt,-,-\ .rn~,i...,.. !l~iHua1, ,_1_,.,un10 

...... nu11JI,,,..,.,..,_ lltilk•T,..11, '"'l 

..,_ !hilltlJ,,,..,,1111, 

~ 
- --~ - Jin,... 2•1m<- ,111 ..........

Tim, 

Figure 6.9A HSP72 protein concentrati(lns 'vh:an (standard devbtioui immediately before, immediately 
post, 3 hrs post, 24 hrs post and 48 hrs post exercise~. I>ata pri::"i>ented as% change from TPG'JEMPi'LA'l 
basal (in TPG) or HPGHOToc,w,; 1 basal {in BPO) * increa)ed (p 0.002) compared to basal during 
TPGHOToowN and I-IPGl!OT1X1wN: in combination. A incrca::.ed (p 0.001) in TPGHOTm,\\7' and 
HPGHOTooWN2 compared to TPGTEMPF1 'll and HP(HiOTDow•n• Figure 6.98 HSP72 protein 
concentrations individual responses for TPGIEMPa,. 1, 6.9C TPGHOT,;<Y.i.>;, 6.9D HPGHOTiXJ\\'Nl and 
6.9D HPGHOT00WN2• 
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Figure 6.10 Example HSP72 Western blots. Con (Control sample), IP (immediately post exercise). 
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6.5 Discussion 

The current study demonstrated that Hsp72 mRNA and Hsp90a mRNA increases 

following HPGHOToowN1 within the VL and leukocytes were attenuated when 

exercising Tre and DOMS decreased during HPGHOTD<>wN2, This suggests Hsp72 

mRNA and Hsp90a mRNA are markers of the cellular stress response. Leukocyte 

Hsp72 mRNA and Hsp90a. mRNA could be a useful surrogate for the VL response. 

Acute hot downhill running cannot confer HSP72 mediated thermotolerance as HSP72 

concentrations only increased 48 hrs after TPGHOTDnwN and HPGHOT1x1wN2• 

Cellular stress response and surrogate Hsp mRNA response 

The attenuated Hsp72 mRNA and Hsp90a mRNA responses suggests cellular stress 

was reduced during HPGHOTt)(>WN1 compared to HPGHOTDOw~i- Sequestration of 

HSF-1 was not HSP72 mediated because l lSP72 ccmcentrations did not change before 

HPGHOToowN2- Instead the attenuated exercising Trc and DOMS responses were likely 

responsible. This is in agreement with previous research where the leukocyte and VL 

Hsp72 mRNA responses \Vere attenuated following repeated trials of exercise heat 

stress (Marshall et al. 2007) and muscle damaging exercise (Vissing et al. 2009). Within 

these studies exercising Tre (Marshall et al. 2007) and muscle damage (Vissing et al. 

2009) were reduced but HSP72 did not change. Protein denaturation and oxidative 

stress are positively correlated with Tr, (,!'v1estre~Alfar<) et al. 2012) and EIMD (Garcia

Lopez et al. 2007) increases. and thus exercising T1, and DOMS reductions likely 

attenuated protein denaturation and oxidative stress response reducing the stimulus for 

Hsp72 mRNA and Hsp90o. mRNA tran~ription (Sn!:-ile et al. 2008). Metabolic strain is 

dependent on cellular temperature and c,m induct cellular stress via ATP depletion 

mediated protein denaturation (Beckmann et 199'.!), Therefore, a reduced metabolic 

strain may occur concurrently with exercisint? reductions and thus partially explain 

the attenuated Hsp72 mR1'\A and lhp90« mRNA re~n!tes. 

Following both HPGHOTr.io\\ Nl and HPGHOTnoww::: Grp78 mRNA increased despite 

exercising Trc and DOMS reductions during or folll)Wins tlPGHOT1:iowN2 v,:hich are 

associated with reduced protein demnuratkm, the key cellular c~mge regulating Grp7& 
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mRNA transcription. Therefore, the Grp78 mRNA response likely reflects the need to 

increase ER protein folding capacity to aid cellular adaptation (Ron and Walter 2007) 

rather than a marker of the cellular stress response, although this needs clarification in 

vivo. In contrast Grp94 mRNA did not change following any of the experimental trials. 

Previously, in rodents. Grp94 mRNA increased following 5 d of running but not after an 

acute running trial (Wu et al. 2011 ). These increases occurred concurrently with 

increased concentrations of GRP94 client proteins such as insulin like growth factor - I 

(Eliakim et al. 1997) suggesting Grp94 mRNA upregulation reflects an increased need 

to maintain client protein function rather than an acute cellular stress response. 

Upregulation of Hsp72 mRNA and ! lsp90u mRNA occurred concurrently within both 

the VL and leukocytes (~50 ~/o of VL increases). Therefore, the leukocyte Hsp72 

mRNA and Hsp90a mRNA respt)nses could be suitable surrogates for the VL response 

and could potentially infer skeletal muscle thermoto!erance less invasively. The 

mechanisms responsible for this concurrent response are unclear. Damage associated 

molecule patterns (DAMPs), endogenous nucleic acids, circulating cell free DNA 

(cfDNA) (Atamaniuk et al. 2004) and extracellular HSPs (Whitham et al. 2007) are 

released from stressed or damaged cells and tissues into the bloodstream following 

exercise and exercise heat stress activating a TLR dependent leukocyte stress response 

(Neubauer et al. 2013). However. there is no evidence for extracellular HSP72 

(Febbraio et al. 2002) or other DAMPs being released from skeletal muscle following 

exercise in humans. Therefore. elevated thcrmal strain in both tissues likely explains the 

observed response. An exercising Trc- above 39.0 °C was required to induce large 

leukocyte Hsp72 mRNA and Hsp90a mRNA increases (~ 3 fold). This supplements 

observations within chapter 4 suggesting isolating tissues {lymphocytes and monocytes) 

with more sensitive HSP72 res~'lnses tFehrenbaeh et ai. 2001; Oehler et al. 2001) 

would improve ecological validity nf '""""'""'•h• measure in applied situations, such 

as heat stress tests where ex,ercising T may not exceed 38.5 (Moran et al. 2006: 

Garrett et al. 2009). 

Although VL Grp78 mRNA increases were c1bserved foikiwing HPGHOlO<)\llNI and 

HPGHOT1)(JWN2, leukocyte Grp78 mRNA did m\t change. A greater cellular stress 
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response is required to upregulate Grp78 mRNA compared to Hsp72 mRNA and 

Hsp90a mRNA increases as previously demonstrated in humans following acute 

endurance exercise (Neubauer et al. 2014). This could be because protein folding 

capacity within the cytosol typically needs to be exceeded before denatured proteins are 

transferred to the endoplasmic reticulum during cellular stress in vitro (global protein 

synthesis is switched off) (Ding and Yin 2008). Thus this confirms the observation in 

chapter 4 that there is insufficient cellular stress within the current experimental model 

to induce leukocyte Grp78 rnRNA. 

HSP72 protein response 

Increased HSP72 concentrations of 157.5 % were observed 48 hrs after TPGHOTooWN 

and HPGHOTtxlWN2• These increases appear to be large enough to enhance 

thermotolerance as previously, HSP72 increases of between 17.7 % - 70 % conferred 

enhanced thermotolerance within human PBMCs heat shocked ex vivo as indicated via 

an attenuated HSP72 response (McC!ung et al. 2008; Amorim et al. 2011). However, 

HSP72 increases within these studies only occurred simultaneously with enhanced 

thermotolerance and thus as HSP72 function was not inhibited causation cannot be 

attributed. This is particularly relevant as other adaptations including optimisation of 

transcriptional and translational processes (Touchberry et al. 2012) and elevated 

concentrations of anti apoptotic (Horowitz 2014) and antioxidant (Horowitz and Kodesh 

2010) proteins are implicated in conferred thennotolerance. Further, as experiments 

were conducted within leukocytes it is unclear whether thermotolerance would also be 

conferred within skeletal muscle. 

The ecological validity of any conferred thermotolerance is debatable as although a 

similar effect size {1.68) was demonstrated compared to previous studies utilising 

submaximal nmning ( 1.63) (Morton et al. 2006) HSP72 only increased after the second 

experimental trial. This delayed response is likely explained by the small participant 

numbers and varied individual HSP72 responses with three participants increasing 

before HPGHOTrxm'Ni and five participants at 48 hrs post HPGHOToowN2- This 

coupled with the insensitivity of the western blotting technique (Paulsen et al. 2007) 

115 



could explain why HSP72 increases were delayed until after the second experimental 

trial. Alternatively Hsp72 mRNA translation to HSP72 could be inhibited as observed in 

vitro when heat and oxidative stress were combined (Adachi et al. 2009). It is difficult 

to extrapolate these findings to in viva human exercise models because the non 

physiological temperatures (> 40 °C) and oxidative stress levels which cells were 

subjected to which are greater than those observed following exercise in humans 

(Adachi et al. 2009). Indeed, protocols where exercising Trc increases (Magalhaes et al. 

2010) and muscle damage responses (Paulsen et al. 2007) were larger than those 

induced during HPGHOT1x>wN1 still observed i ISP72 increases. Therefore, it is unlikely 

that increased cellular stress during HPGHOTrniwN1 inhibited Hsp72 mRNA translation. 

Although, HSP72 elevations occur concurrently within skeletal muscle and other tissues 

involved within the pathophysiology of exertional heat illnesses (brain, heart, liver and 

kidney) (Lee et al. 2006) following passive heat stress. it is unknown whether this also 

occurs following hot downhill running. Therefore, as HSP72 overexpression increases 

time to exhaustion within rodent exercise models (Liu et al. 2013). elevated HSP72 

concentrations could prolong exercise performance by maintaining skeletal muscle 

function to an elevated Trc• If hot downhill running does not also elevate HSP72 within 

the brain, heart, liver and kidney this could inadvertently increase cxertional heat illness 

risk. Future work needs to consider these issues to detem1ine \vhether hot downhill 

running is an ecologically valid method to enhance 1 lSP72 mediated them1otolerance. 

Summary and Conclusions 

The current study suggests an acute trial of hot downhiil running (HPGHOT1,uwN1) 

attenuates the VL and leukocyte ffap72 mR~A and Hsp90a mR'!\A responses along 

with the exercising Trc and D0\1S rcsponsei:: suggesting cellular stress. and therefore, 

exertional heat illness risk maybe reduced. Basal VL HSP72 concentrations were not 

elevated until the second experimental trinl suggesting an acute trial of hot downhill 

running cannot confer HSP72 mediated thermoU)ler,.mce. The leukocyte Hsp72 mRNA 

and Hsp90a mRNA responses could he used as a surrogate measure of the cellular 

stress response in the VL. 



Chapter 7 General discussion and conclusions 

7.1 General discussion 

Numerous situations exist where humans need to rapidly relocation to hot 

environments. The heat loads in these situations decreases work completed and 

predisposes individuals to increased exertional heat illness risk. Inducing HSP72 

mediated thermotolerance and improving heat tolerance by attenuating exercising Ire 

during subsequent occupational or exercise heat stress would be advantageous within 

these situations. Acute interventions to lower exercising Trc either take too long (heat 

acclimation), lack ecological validity (glycerol hyperhydration, external pre cooling) or 

do not elevate basal HSP72 concentrations. Further. the best exercise type to increase 

HSP72 is unclear due to the different exercise protocols. tissues sampled and 

measurement techniques used by various studies. Consequently, this thesis aimed to 

develop an acute preconditioning intervention (condition) which had the potential to 

enhance heat tolerance (decreased exercising Tr~ and HR) and elevate thennotolerance 

(increased basal HSP72). 

Increasing Hsp 72 and Hsp90<:l. mRNA responses 

Chapter 4 demonstrated that downhill running and exercise in hot environments induced 

the largest Hsp72 mRNA and Hsp90tt mRNA increa<;,cs with exercising Tre appearing to 

be the major stimuli for these increases. This suggest~ both downhill running and 

exercise in hot environmental conditions the potential to increase HSP72 and 

HSP90a and thus could enhance confern:d thennoto!erance. t:nfom.mately. inter

individual variability of the Hsp72 mR:\:A response was increased by the selection of 

two experimental groups (Mahoney et al 2004) and use of an insensitive tissue 

(leukocytes) (Fehrenbach et aL 2001; Oehler et ai. 2001) meaning large Hsp72 mRNA 

increases (> 3.0 fold) only occurred following large l,, increases (39.4 - 39.5 °C). This 

prevented the secure conclusion l.:l.!!i to whe1.her downhill running, exercise in a hot 

environment singularly or a combination both str~son; (hot downhill running) \Va<i 

the superior intervcntiun to incrca~ }isp72 mRNA and Hsp90u mRNA. 
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Stressors including dehydration (Hillman et al. 201 l ), high intensity interval training 

(Bartlett et al. 2012), exercise in hypoxia (Lee et al. 2014) and exercise in a glycogen 

depleted state (Febbraio et al. 2002) activate the HSP response, but were not 

investigated within chapter 4. Exercise within hypoxia and exercise within a glycogen 

depleted state appear to be the stressors with the greatest potential to increase Hsp72 

mRNA because acute exercise heat stress during dehydration (Hillman et al. 2011) and 

acute high intensity interval training (Bartlett et al. 2012) do not increase HSP72 and 

Hsp72 mRNA further than acute exercise heat stress during euhydration and moderate 

intensity endurance exercise respectively. Therefore, future research should investigate 

the Hsp72 mRNA and Hsp90u mRNA responses fo!lo\ving exercise within a hypoxic 

environment, exercise within a glycogen depleted state. exercise heat stress and 

downhill running. A single experimental group should be used to reduce inter

individual variation in the Hsp mRNA response (Mahoney et al. 2004) while sampling 

monocytes would increase the sensitivity of the leukocyte cell population with the most 

sensitive HSP response should be sampled (Fehrenbach et al. 2001; Oehler et al. 2001 ). 

Sampling skeletal muscle biopsies would enable the direct effects of muscle damage on 

the Hsp mRNA response to be assessed ,\'ithin a valid tissue. Flow eytometry should be 

used to measure HSP72 and HSP90<t protein concentratk,ns (Bachelet et al. 1998) to 

detennine the acute stressor \Vith the best potential to confer thermotolerance as not all 

Hsp72 mRNA or Hsp90a mRN/\ increases will be translated into HSP72 or HSP90a 

protein (Thompson et al. 2003; Paulsen et al. 2007). Careful consideration of wash out 

periods between experimental trials, sampling time courses and bicipsy techniques are 

required to ensure biopsy induced muscle damage does nc)t affect experimental results. 

Heat tolerance 

Chapter 5 demonstrated a novel finding that hot downhill running attenuates exercising 

Ire and DOMS responses to an identical trial completed 7 d later. Resting Tn: did not 

change suggesting heat dissipation was improved but heat storage capacity did not 

change. Therefore, hot do,vnhill running i~ not useful when protective equipment is 

worn (chemical warfare. fire fighting,) mid there is ,.,,,,.,,.,,,,,", for heat dissipation 

(Latzka et al. 1998). In thest.: situations. only int'(."r\'cn1iom, ,.._hich lower resting lr, and 
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mcrease heat storage capacity such as pre cooling, glycerol hyperhydration and 

principally heat acclimation are appropriate. However, within other military and 

occupational situations the exercising Tre reductions induced by hot downhill running 

could potentially be a useful intervention when people need to rapidly relocate to hot 

environments (Garrett et al. 2009; Garrett et al. 2012). Hot downhill running could also 

be useful within athletic situations where heat acclimation would interfere with the 

reduction in training volume during the competition taper (Spilsbury et al. 2014). 

Hot downhill running reduces exercising Tre reductions by 0.3 °C during the later stages 

of exercise which is similar to the average Tre reductions (0.2 °C) following external 

and internal pre cooling (Bongers et al. 2014). Hot downhill running appears to have an 

advantage over external {Kay et al. 1999; Duffield et al. 20 I 0) and internal (Siegel et al. 

201 O; Siegel et al. 2012) pre cooling protocols because exercising Tre reductions 

occurred at end of exercise when exercising Trc is at its highest and thus exertional heat 

illness risk is greater rather than at the beginning of exercise. Hot downhill running also 

does not require access to large amounts of cold water (800 l) (Kay et al. 1999) or an 

electricity supply to cool the water (for cold water immersion and ice slurry ingestion) 

and hence has a greater ecological validity during disaster emergencies and military 

operations. Thermal stain reductions occur without the time constraints ( only lasts for~ 

4 hrs) (Riedesel et al. I 987) and potential negative side effects which could reduce 

exercise or work performance of glycerol hyperhydration (Nelson and Robergs 2007). 

Unfortunately, these exercising Trc reductions induced by hot downhill running are 

accompanied by a DOMS response which occurs for at least 48 hrs within the present 

experimental design. Further. DOMS increases and force production reductions 

persisted for between 3 d ( Etheridge et al. 2008) to 7 d (Eston et al. 1996) during similar 

downhill running protocols. Consequently. both the performance reductions (Marcom 

and Bosio 2007) and thermoregulatory responses {Fortes et al. 2013) induced by DOMS 

and muscle damage need to be c1.msidered before the advantages of hot downhill 

running can be utilised. The musde damage mediated thermal strain increase (Fortes et 

al. 2013) could increase excrtional heat illness risk and reduce exercise and 

occupational perfom1ance within the first 24 hrs foilo\ving completion of hot downhill 
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running. However, this is unlikely to be an issue as athletes and workers will require at 

least 24 hrs to organise belongings and travel to the hot environment. Hence during the 

period where muscle damage and DOMS still persist but the pyrogen mediated increase 

in thermal strain has subsided hot downhill running could lower exertional heat illness 

risk and enhance occupational performance. This could be useful within in occupations 

within the oil and gas industry predominantly utilising upper body movement (Knez et 

al. 2014) where muscle damage to the lower limbs docs not attenuate performance. 

However, recovery of lower body muscle function and thus restoration of whole body 

performance is of most importance within both athletic and occupational situations. 

Perhaps the best case scenario is recovery within 3 d as previously demonstrated 

following a similar 30 rnin downhill running protocol (Etheridge et al. 2008). Hence hot 

downhill running could have a similar effect to 2 d of exercise heat stress as previously 

used (Marshall et al. 2007; Costa et al. 2014) with the advantage of minimal time 

requirements so pre travel preparation and travelling can be the primary focus. Further, 

in situations where exercise heat stress could be cmnbined with muscle damaging 

exercise (long military marches in mountainous terrain) pyrogen mediated exercising 

Tre increases could also potentially be attenuated (Annstrnng et al. 2007: Fortes et al. 

2013). To substantiate these postulations future research is required to detennine the 

optimal time course during \vhich exercising T1e is still rt-duced and muscle damage has 

subsided. To accomplish this measurements of DOMS should be accompanied by 

measurement of indirect markers of muscle damage (plasma creatine kinase 

concentrations) and muscle function (iS<1kinetic force production of the quadriceps) 

(Nosaka et al. 2002; Paulsen et al. 2007) following an acute trial of hot do,.vnhill 

running every 24 hrs for a 7 d period. Muscle damage could be measured directly from 

muscle biopsy samples using histology and light microscopy (Beaton et al. 2002). This 

technique is highly invasive and highly variabmty between biopsy sampling sites 

suggesting a single biopsy is not representative damage induced to the musde as a 

whole (Beaton et al. 2002). These limitations require careful consideration within future 

studies if this technique is t<) be used to determine the muscle darnage severity. 



If muscle damage does not cease before 3 d as previously demonstrated following 

similar downhill running protocols (Eston et al. 1996), consideration needs to be given 

to adjusting existing exercise heat stress protocols to offer a similar exercising Tre 

reduction following an acute preconditioning trial without the negative effects of muscle 

damage. These options for increasing thermal strain include increasing exercise duration 

(Garden et al. 1966), exercise intensity (Houmard et al. 1990), increasing environmental 

temperature (Daanen et al. 2011 ), and exercising within a dehydrated state (Sawka et al. 

1985). These interventions were previously discounted due to the limited information 

available on the skeletal muscle HSP72 response suggesting acute exercise heat stress 

did not induce HSP72 increases. Obviously. as an acute hot downhill running trial also 

does not appear to increase VL HSP72 the minor logistical disadvantages are now not 

as serious as a prolonged muscle damage mediated perfonnance reductions. 

If future studies demonstrate that exercising Tre reductions induced by are accompanied 

by recovery of muscle function within 3 d the physiological mechanisms responsible 

should be investigated to aid future development of hot downhill running. TI1is study 

should feature three experimental conditkins (Control. Hot flat and Hot downhill). with 

3 experimental trials within each condition. The first trial would he a non damaging 

running based heat stress test the second the experimental intervention { control. hot fiat 

or hot downhill) and the third trial an identical heat stress test. At least 8 participants 

should complete testing as per the sample size calculation in chapter 5. All trials would 

be separated by 7 d to ensure the pre test trial has no eflcct on the heat acclimation 

response (Barnett and Maughan 19<}3). Sufficient washt)Ut periods of at least 14 d 

(Fortes et al. 2013) are required between conditions par1icularl.y follov-. ing hot dov,nhill. 

Using a non damaging flat running protcH.:c1I (Morton et al. 2006) \Vithin the pie and post 

intervention heat stress tests would Ctlnfim1 whether a pyrogen response mediated by 

muscle damage had any effect on the exercising T11: ""·"'"''""' Li)cal sweat rate should 

be measured using ventilated S\\eat ci1psules ns detailed previt,usly (Patterson et aL 

2014) during all trials. Improvements to the fr>rerurn S\\Cat rate are greater during 

exercise heat stress than whole bnd) sweat rate which w,1s used within chapter 5 

(Marshall et al. 2007) and therefore, could provide a mme sensitin:: measure of 



sweating adaptations. If enhanced forearm blood flow was to be detennined the heat 

stress tests would need to be cycling based. This would enable the left foream1 to be 

kept stable above the height of the heart to determine forearm blood flow via laser 

doppler flowmetry or venous-occlusion plethysmography (Smolander et al. 1991; 

Gonzalez-Alonso et al. 1999; Anderson et al. 200 l) using the methods described 

previously. Posture, fluid intake. carbohydrate and protein intake should be standardised 

across participants for 24 hrs following each experimental trial to reduce the varied 

plasma volume response observed in chapter 5 (Mack et al. 1998; Goto et al. 20 I 0). 

Cellular stress response and surrouate Hsp mRNA respons_e 

Results observed within chapter 6 (experimental chapter 3) suggests the Hsp72 mRNA 

and Hsp90a mRNA responses could be markers of the cellular stress response within 

leukocytes and skeletal muscle. This confirms previous research where the Hsp72 

mRNA response was a marker of the cellular stress response within leukocytes 

(Marshall et al. 2007). The observation that Hsp72 mRNA (within skeletal muscle} and 

Hsp90a mRNA responses {within both tissues) arc markers of the cellular stress 

response is a novel observation. These results substantiate the measurement of 

leukocyte Hsp72 mRNA and Hsp90<t mRNA responses for diagnosing thcrmotolerance 

status (Moran et al. 2006; Marshall et al. 2007) by confirming the leukocyte response is 

a surrogate for the skeletal muscle Hsp72 mRNA and llsp90<1. mRNA responses. 

Consequently, this could enabk jobs. tasks or tr.1ining programmes to be allocated 

dependent on individuals thcrmotolerancr..: ::,;tatus rninimising excrtional heat illness risk. 

Additionally as this diagnostic infrmnation <.:an be obtained without biopsy mediated 

reductions in exercise or occupational pcrformam.:e and increased infection risk within 

the biopsy incision. This is important \\ ithin hm humid em ironments particular in 

remote locations i.e. mining and industrial facilities in desert regions or disaster 

emergencies where medical facilities may be limited. 

The observation that Grp78 mRNA \1i<a.S 

within humans induces end()plasmk reticulum :-;tres:,: and subseqm:ntty an unfolded 

protein response (Kim et al. 10 l l ). Thh; upon pre\ i,1us. human c:-..ercise models 



(Neubauer et al. 2014 ), in vitro heat shocked human cells (Heldens et al. 2011) and 

rodent exercise models (Wu et al. 2011) and could suggest the unfolded protein 

response potentially has a role in adaptation to cellular stress within humans as 

previously observed within rodent exercise models (Wu et al. 2011). This requires 

further investigation to determine its relevance to exercise mediated adaptations in 

humans, especially the acquirement of thermotolerance. 

Although, the leukocyte Hsp72 mRNA and Hsp90cL mRNA responses were similar to 

changes occurring in the VL. limitations of the present experimental design need to be 

overcome before this surrogate marker is optimised. Although, Hsp72 mRNA has 

previously been demonstrated as a marker of heat acclimation (Marshall et al. 2007), the 

Hsp90a mRNA reductions demonstrated in chapter 6 could be both exercising Tre and 

DOMS or muscle damage dependent. Therefore. the Hsp90(x mRNA response cannot 

yet be stated as marker of thermotolerance. Using leukocytes as the surrogate tissue also 

has problems because typically heat stress tests used to determine heat tolerance and 

thermotolerance only induce exercising Tr.: increases of between 37.5 °C - 38.5 °C 

(Moran et al. 2006; Garrett et al. 2009). Within this experimental design. participants 

whose exercising Tre reached between 37.5 - 38.5 "C demonstrated an average peak 

Hsp72 mRNA increases of I .6 ± 0.5 fold from basal levels of 1.1 ± 0.2 fold. This could 

make it difficult to differentiate bet\veen thermotolerant and non thermotolerant 

individuals within these situations. Hence cell types (lymphocytes and monocytes) 

which have a more sensitive HSP72 response to heat shock (Oehler et al. 2001) and 

exercise heat stress (Fehrenbach et al. 2001 J need to be invt.-stigated. 

Concern could also be raised regarding bi,,ps::, prrnoc{,! utilised. To minimise the 

effect of muscle biopsies on the results obsen ed a protocol utilising muscle samples 

obtained 3 cm apart was utilised \\hkh had lx:en demcmstmted t0 have no effect on the 

HSP72 response to exercise (Khassaf et al. :won However. the accuracy of the 

responses observed could still be questkmed as due to budgetary reasons a control group 

was not selected (Yissing et al. 2009). This is partkularly pertinent as a recent paper 

demonstrated a muscle damage mediated tr,.mscriptional response occurred within fine 

needle muscle biopsy samples c)htained .3 cm apwt {Van Thienen et al. 2014). 



Interestingly, Hsp72 mRNA is also induced following biopsy induced muscle damage 

(Vissing et al. 2005) and thus this could be a factor effecting results within chapter 6. 

Consequently, future research needs to utilise a control group to confirm whether biopsy 

induced muscle damage had any effect on the observed VL Hsp72 mRNA and Hsp90a 

mRNA responses. The surrogate Hsp72 mRNA and Hsp90a. mRNA responses should 

be measured within monocytes due to the greater sensitivity of the HSP response in this 

tissue compared to leukocytes as a whole (Fehrenbach et al. 200 I; Oehler et al. 200 I). 

The Hsp90a mRNA response also needs to be assessed following acute exercise heat 

stress without the confounding effect of rnuscle damage induced by downhi11 running 

(Feasson et al. 2002) to confirm its role as a marker ofthennotolerance. 

As discussed within chapter 6 Grp78 mRNA cannot be used as a marker of the cellular 

stress response within heat intolerant indi~ iduals. Therefore. other genes activated by an 

exercise induced unfolded protein response should be measured {McMillan et al. 1998). 

Potential candidate genes are activating transcription factor 3 mRNA and x-box binding 

protein-I mRNA which increased further than Grp78 mRNA during a rodent based 

exercise model (Wu et al. 20 l l ). 

HSP72 mediated thermotolerance 

As discussed within chapter 6 ekvated HSP72 concet1trati(1ns follmving the second 

experimental trial (TPGHOTrxlWN and HPGtlOT1)1)\\SJ: 157.5 %) were within the range 

(17.7 % - 70 %) previously associated with conferred thermot<1lerance (McC!ung et al. 

2008; Amorim et al. 2011 ). However. these studies did not inhibit the function of 

HSP72 (Rowlands et al. 20 I0). Henc1.':' it is undear whether thermotolerance was 

conferred by HSP72 itself. Further. as HSP72 ,Jnly increased following the second 

experimental trial, at face value acute hot d(HNnhH! rurming is <mly useful for lowering 

thermal strain and cannot confer HSP72 mediated thermotolenmce. 

However, if the individual responses using -.vestem hh:,tting t() 

measure HSP72 concentrations are cunsidettd, further investigatkm 0f hC1t do\\inhil! 

running may be warranted. Individual resprn,ses demunstrnte thin 3 out of 5 individuals 
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had elevated HSP72 concentrations before HPGHOTnoWN2, This is suggestive of peak 

HSP72 concentrations occurring between 48 hrs and 7 d as previous observed following 

exercise in the vastus lateralis when western blotting is utilised (Morton et al. 2006). 

Given HSP72 responses are delayed and lack sensitivity if western blotting is used 

instead of immunohistochemistry, ELISA or flow cytometry (Bachelet et al. 1998; 

Paulsen et al. 2007; Tupling et al. 2007), experimental artefact and low participant 

number could partially explain the observed results. Another issue with using hot 

downhill running is that conceivably HSP72 increases may only occur within skeletal 

muscle. This could merely increase the exercising Tre at which exercise is terminated 

increasing the risk of damage to other tissues such as the br,1in, heart, liver and kidney. 

These issues need to be investigated using human and rodent m<)dels if hot downhill 

running is to be used as an ecologically valid intervention to confer thermot()lerance. 

To determine if the HSP72 response within chapter 6 was due to experimental artefact 

and small participant numbers an in viva human study should be conducted 

incorporating an independent groups design with three experimental groups: 

1) A control group which only receives the muscle biopsies to ensure the effects of 

biopsy mediated muscle damage on the !ISP72 response ure accounted for 

(Vissing et al. 2005; Yan Thienen et al. 2014). 

2) An exercise heat stress (hot flat) group which completes a trial of exercise heat 

stress followed 7 d later by an experimental trial of hot dcnvnhill running. 

3) A hot downhill running group which ci)mpletc two experimental trials of hot 

downhill running separated by 7 d. 

Muscle biopsies along with lymphocytes or monocytes sh(ml.d be obtained at the time 

points used in chapter 6 with HSP72 concentrations detennined via flow cytometry. 

Lymphocytes or monoc;tes should also be heat shi)ckcd e., vb:u W demonstrate 

correlation between HSP72 conccntrati,:m:-:, and thermotolenmce •Conferred as previously 

observed (McClung et al. 2008). Thennotnlcrant!e >1..'.an thc-n ht assessed vfa redw::tions in 

Hsp72 mRNA expression (Theodorakis et ;d. l999 ). pr<'tdn denaturotion ( Kampinga et 

al, 1995) and cellular apoptosis (Mosser et al. !9(}7). inhibitor-:, whkh pre·vent BSP72 
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mediated protein folding (Rowlands et al. 2010) could be used to test if HSP72 was 

responsible for any thermotolerance conferred during ex vivo heat shock. At least 7 d 

before testing (Barnett and Maughan 1993) commences, participants should complete a 

standardised exercise heat stress test (Moran et al. 2006) to enable experimental groups 

to be matched for thermoregulatory and molecular responses to exercise heat stress. 

If these experimental changes demonstrate that an acute trial of hot downhill running 

elevates basal HSP72 concentrations, a rodent based study should be conducted to 

explore the ecological validity of these increases. This study would sample tissues 

associated with exertional heat stroke pathophysiology (skeletal muscle, brain, heart, 

liver and the kidneys) (Lee et al. 2006) to determine the tissues where HSP72 

concentrations increases occur following hot do\vnhill nmning. This model has 

limitations such as the divergent skeletal muscle HSP response kinetics to exercise 

observed within rodent (Hernando and Man~o l 997) and human models (Morton et al. 

2006; Paulsen et al. 2007: Tupling et al. 2007). the greater abundance of slow twitch 

fibres in humans compared to rodents (Schiaffino 2010) and higher mass specific 

metabolic rates within rodents (Randall et al. 2002). However, given this study is not 

possible within humans this is the most valid model to answer this research question. 

These proposed studies should also investigate the l fSP90a and GRP78 protein 

responses as Hsp90a. mRNA (Moran et al. 2006) and Grp78 mRNA {Neubauer et al. 

2014) increased in chapter 6 in agreement with previous research. An; rok of HSP90a. 

and GRP78 within conferred thermotoler,mce should he te:,;ted via inhibitory studies 

conducted within heat shocked ex vfro kukotvte;);. B,;th HSP90a and GRP78 have 
" 

important role in cellular recovery frnm stressors in vitm coordination of cellular 

signalling, global protein synthesis and lipid synthesis I Duncan '.2005: Ron and Walter 

2007). Future research within an in vim human ba.s.cd heat stress model should 

investigate the validity of these markers for monitoring recoYery after acute exercise 

heat stress and thus for allocating "vork!oads within heat acclimation programmes or 

occupational settings. 



7.2 Conclusions 

The major conclusions from this thesis are: 

1. Downhill running (DOWNmJN) and hot environmental temperatures (HOT) both 

increase Hsp72 mRNA and Hsp90a. mRNA further than flat running (FLATRUN) 

and temperate environmental conditions (TEMP) respectively. However, 

downhill running in a hot environment (HOTrx>wN) did not induce a greater 

increase in Hsp72 mRNA or Hsp90f.t mRNA. Consideration of the Hsp72 

mRNA and Hsp90a. mRNA response to exercise within hypoxia and during 

glycogen depletion is required to determine the singular intervention which 

maximises the Hsp72 mRNA and Hsp90u. mRNA responses and subsequently 

elevates basal HSP72 and HSP90cx concentrations. 

2. Hot downhill running reduces exercising Tr~ by 0.3 °C within an identical 

experimental trial completed 7 d later. The mechanisms responsible and the 

precise duration at which muscle damage ceases and exercising Trc decreases are 

still present are unclear and require elucidation. This would determine whether 

hot downhill running is ecologically valid or whether development of an 

alternative acute intervention is required. 

3. Hot downhill running (TPGHOTy,, •WI\ and HPGHOTi>O\\i'N..:) increases basal 

HSP72 concentrations. Unfortunately this increase only oecurred during the 

second experimental trial in both groups. Therefore. an a.cute trial of hot 

downhill running cannot yet be used to induce a HSP72 mediated decrease in 

exertional heat illness risk. 

4. Exercising Trc reductions during lIPGHOT1.1s1?;si attenuated the cellular stress 

response (decreased Hsp72 mRNA and Hsp90<1 mRNA) within both the VL and 

leukocytes. Therefore, the Hsp72 mRNA and Hsp90a mRNA responses have 

potential for use as markers of thermot,:1ler',mce following further research. 

5. The leukocyte Hsp72 rnR.~A and Hsp90a mRNA response may used as a 

surrogate for the VL Hsp72 mRNA and I mRNA resp<,nses. With further 

research these responses C<>uld be used to indirectly determine themmtnterance 

within skeletal muscle to determine exertiomd heat inness rb,k. 

I 
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Appendices 

Appendix 1 - Participant information sheet (experimental chapters 2 and 3) 

UNIVERSITY OF BEDFORDSHIRE 

DEPARTMENT OF SPORT & EXERCISE SCIENCE. 

PARTICIPANT INFORMATION SHEET 

Mr James Tuttle - (mobile), 01234 793433 (office). James.tuttle<@beds.ac.uk 

Dr. Paul Castle - 01234 793385 (Office). Paul.Castle@beds.ac.uk 

Dr Lee Taylor - 01234 793043 (Office). Lee.taylor@beds.ac.uk 

Professor Mark Lewis.Mark.lewis@beds.ac.uk 

Studv Title 

Response of the Heat shock protein (Hsp) system to manipulation by external physiological 
factors. 

BACKGROUND TO THE PROJECT 

Heat Shock Proteins (HSPs) are a group of proteins produced within the human body which 
help cells withstand stress preventing them being damaged or destroyed. 

Resting HSP concentrations are increased following endurance exercise, exercise induced 
muscle damage (EIMD) and exertional heat stress (EHS). Increased resting Hsp concentrations 
are indicatively linked to an increased ability to tolerate cellular stress induced by future 
stressors such as EIMD, EHS and hypoxia (altitude). 

Previous investigations by the present researchers have shown that combining endurance 
exercise, EIMD and EHS (hot downhill condition) further increases Hsp gene expression 
compared to each stressor in isolation. 

However it is unclear whether this greater increase in gene expression induced by the hot 
downhill condition leads to an elevation of resting HSP concentrations and whether this 
enhances protection against a future exercise induced stressor. 

AIMS & OBJECTIVES 

The aim of the present study is to determine whether the hot downhill condition increases 
resting HSP concentrations and subsequently enhances protection against a second exercise 
induced stressor. 
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OUILINE OF THE STUDY 

The study will require you to visit the laboratory on 5 occasions. You be required to abstain 
from intensive exercise, thennal events (salllla/ very hot baths (nonnal bath/shower temperature 
is fine} for 7 days prior to testing. You will be also required to abstain from caffeine and alcohol 
for 72 hours. You will also be required to replicate a diet of your choice for 72 hours prior to 
each test session. Further you will be required to abstain from antioxidant, creatine, glutamine 
and beta alanine supplementation for 30 days, 4 weeks, 30 days and 15 weeks respectively. 
Finally please ensure you have not resided at altitude or in hot environments at any point in the 
previous 3 months. Please see attached control measures document for further details. 

Prior to the commencement of testing you should complete a medical questionnaire, a physical 
readiness questionnaire (PAR-Q), a blood analysis participant screening form, a biopsy 
screening form and sign an informed consent form to confirm you are physically capable of 
participating and to demonstrate you have read and understood what you are taking part in and 
the reason why. You are free to withdraw from this study at any time without giving reason. 

Baseline Testing 

Prior to commencement of experimental testing you will visit the laboratory on three occasions 
for baseline testing which will include: 

• On the first visit your height and weight will be measured along with your body 
composition via the Bodpod. This session will last between 20-30 min. 

• On the second visit you will be required to complete a graded treadmill test to assess your 
V02max and the speed and J.102 at which your lactate threshold occurs during running on a 

flat gradient. This visit will last between 45 min - 1 hrl 5mins. 

• The third visit will involve familiarising yourself with downhill running and to assess the 
velocity at which the lactate threshold occurs when you are running downhill. This visit will 
last between 20-30 min. 

Following baseline testing you will be randomly allocated to either the temperate 
preconditioning group (20°C, 50% relative humidity; RH) or a hot preconditioning group (30°C, 
50% RH). 

Testing overview 

The temperate preconditioning group will complete 2 experimental trials. 

I) During the 1st trial you will complete the Temperate Flat condition which will consist of 
30 min running (1 % gradient) at your lactate threshold (LT) in (20°C, 50% relative 
humidity; RH). 

2) 1 week later you will complete the hot downhill condition which will consist of 30 min 
downhill running (-10% gradient) at your lactate threshold (LT) in (30°C, 50% relative 
humidity; RH). 
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The hot preconditioning group will complete 2 experimental trials. 

1) During the first trial you will complete the hot downhill condition which will consist of 
30 min downhill running (-10% gradient) at lactate threshold (LT) in (30°C, 50% 
relative humidity; RH). 

2) 1 week later you will repeat the hot downhill condition. 

Experimental Trial procedures 

• Upon arrival at the laboratory you will then be asked to walk to the toilet and provide a 
urine sample. This urine sample will be used to assess whether you are hydrated. If you 
are dehydrated you will be asked to drink ~250-500ml of water to rehydrate yourself. 

• Then you will be asked to sit on a massage couch where quadriceps tenderness (using 
force gauge demonstrated during research meeting) and perceived muscle soreness (via 
visual analog scale of pain) will be obtained. 

• 30 min prior to beginning the experimental trial will be asked to lie on a massage couch 
to have a muscle biopsy obtained from your vastus lateralis muscle under local 
anaesthetic. This will enable the experimenters to determine your basal HSP 
concentrations. A muscle thermocouple will also be inserted through a needle into the 
biopsy hole to determine your resting muscle temperature. 

• During this period a venous blood sample will also be obtained from your lower arm to 
determine basal HSP concentrations within your leukocytes (white blood cells). 

• Next you will be asked to attach a HR monitor to yourself. Then you will be provided 
with a rectal thermometer which you will be required to insert 10cm (marked by white 
tape) into your anus for the measurement ofrectal temperature. 

• Once you return to the exercise physiology laboratory a fingertip capillary blood sample 
will be obtained. This will enable the experimenters to measure your resting blood 
lactate and blood glucose concentrations and plasma volume. 

• You will then be taken to the environmental chamber where you will be asked to stand 
on the treadmill and put on a face mask which will then be attached to the Cortex 
Metalyser breath by breath measurement device to continually measure your oxygen 
uptake. 

• You will then complete your experimental trial. 
• Upon completion of the experimental trial a fingertip capillary blood sample will be 

obtained to measure changes in blood lactate and blood glucose and plasma volume that 
occurred during the experimental trial. 

• Once you are comfortable you will proceed to the clinical investigation room where non 
invasive measures of EIMD will be repeated. You will then have a muscle biopsy and 
venous blood sample taken to measure changes in Hsp gene expression and protein 
concentrations. 

• Once the biopsy is completed you will be able to remove your rectal thermometer. 
• 3 hours, 24 hours and 48 hours after the experimental trial will be required to return to 

have a further muscle biopsy and venous blood sample to measure changes in Hsp gene 
expression and protein concentrations. Measures of quadriceps tenderness and 
perceived muscle soreness will be repeated at all these timepoints. 
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Potential Benefits 

• The present project will determine whether the hot downhill experimental condition 
increases resting HSP concentrations and whether this increase enhances tolerance to 
exercise induced stress. 

• If successful this will reduce the number of exercise sessions required to increase basal 
HSP concentrations. 

• Situations where this could prove advantageous include preparation for altitude training, 
period of increased training intensity/volume and prior to exercise in the heat where 
reduced period of acclimation would be required. 

Potential Risks 

• During the muscle biopsy and venous blood sample there is a slight risk of infection and 
you may experience a degree of discomfort. 

• However the risk of infection will be kept to a minimum by all sampling taking place in 
a designated clinical investigation suite and being performed using sterile techniques. 

• The level of discomfort will be minimised during blood sampling through the use of an 
experienced phlebotomist (person who takes blood samples) and during the muscle 
biopsy by the use ofa trained orthopaedic surgeon. 

• For further details regarding the potentials risks during muscle biopsy please see 
attached UOB biopsy information sheet. 

• There is also a very small risk of anaphylactic shock during insertion of rectal 
thennometer. To minimise this risk the rectal thermometer will be inserted within the 
disabled toilet (to reduce the risk of you hitting your head if you fall) while the 
researcher or research assistant will be present outside the toilet to provide assistance. 

• Finally exercise at the lactate threshold during heat stress may cause a degree of 
discomfort. However this will be minimised by ensuring you are of an appropriate level 
of fitness, are thoroughly familiarised with exercise in the heat and through continuous 
observation during testing by the researchers to ensure you do not overexert yourself. 

Confidentially 

• All data collected will be kept in a locked filling cabinet and on a PC and will remain 
confidential. You will remain anonymous in any presentation of data and publication of 
findings. You (Participants) will be able to obtain results upon publication of the 
findings. 
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Appendix 2: Pre-Exercise Health Questionnaire 

Sport & Exercise Science Laboratories ''I.' Universityo1 Polhill Avenue 
Bedfordshire 

Bedford MK.41 9EA 

PRE-TEST MEDICAL QUESTIONNAIRE 

To be completed by all subjects before participating in practical sessions. 

Name: ......................................................... . 

Age: .............. . Gender: M / F 

1 Are you in good health? Yes / No 

If no, please explain: 

2 Are you pregnant or have you given birth in the last 6 months? Yes / No 

3 How would you describe your present level of moderate activity? 

< once per month once per month 2-3 times per week 

4-5 times per week > 5 times per week 

4 Have you suffered from a serious illness or accident? Yes / No 

If yes, please give particulars: 

5 Are you recovering from an illness or operation? Yes I No 

Ifyes, please give particulars: 

6 Do you suffer, or have you ever suffered from: 

Respiratory conditions (asthma, bronchitis, tuberculosis, other)? Yes / No 

Diabetes? Yes I No 
Epilepsy? Yes I No 
High blood pressure? Yes I No 

Heart conditions or circulation problems: 

(angina, high blood pressure, varicose vein, aneurysm, embolism, heart attack, other)? 

Do you have chest pains at any time? Yes / No 

Do you suffer from fainting/black outs/ dizziness? Yes / No 

Is there any history of heart disease in your family? Yes / No 

7 Are you currently taking medication ? Yes / No 

If yes, please give particulars: 

8 Are you currently attending your GP for any condition or have you consulted your 
doctor in the last three months? If yes, please give particulars: Yes / No 
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9 Have you had to consult your doctor, or had hospital treatment within the last six 
months? Yes / No 

10 Have you, or are you presently taking part in any other laboratory experiment? 
Yes / No 

PLEASE READ THE FOLLOWING CAREFULLY 

Persons will be considered unfit to do the experimental exercise task if they: 

have a fever, suffer from fainting spells or dizziness; 

have suspended training due to a joint or muscle injury; 

have a known history of medical disorders, i.e. high blood pressure, heart or 
lung disease; 

have had hyper/hypothermia, heat exhaustion, or any other heat or cold disorder; 

have anaphylactic shock symptoms to needles, probes or other medical-type 
equipment. 

have chronic or acute symptoms of gastrointestinal bacterial infections ( e.g. 
Dysentery, Salmonella) 

have a history of infectious diseases (e.g. HIV, Hepatitis B); and, if appropriate 
to the study design, have a known history of rectal bleeding, anal fissures, 
haemorrhoids, or any other condition of the rectum; 

DECLARATION 

I hereby volunteer to be a subject in experiments/investigations during the period of 
20 

My replies to the above questions are correct to the best of my belief and I understand 
that they will be treated with the strictest confidence. The experimenter has explained to 
my satisfaction the purpose of the experiment and possible risks involved. 

I understand that I may withdraw from the experiment at any time and that I am under 
no obligation to give reasons for withdrawal or to attend again for experimentation. 

Furthermore, if I am a student, I am aware that taking part or not taking part in this 
experiment, will neither be detrimental to, nor further my position as a student. 

I undertake to obey the laboratory/study regulations and the instructions of the 
experimenter regarding safety, subject only to my right to withdraw declared above. 

Name of subject (please print) 

Signature of Subject ________________ Date: _____ 

Name of Experimenter (please 
print)____________________ 

Signature of Experimenter _____________ Date: _____ 
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--------------------

9 Have you had to consult your doctor, or had hospital treatment within the last six 
months? Yes / No 

10 Have you, or are you presently taking part in any other laboratory experiment? 
Yes / No 

PLEASE READ THE FOLLOWING CAREFULLY 

Persons will be considered unfit to do the experimental exercise task if they: 

have a fever, suffer from fainting spells or dizziness; 

have suspended training due to a joint or muscle injury; 

have a known history of medical disorders, i.e. high blood pressure, heart or 
lung disease; 

have had hyper/hypothermia, heat exhaustion, or any other heat or cold disorder; 

have anaphylactic shock symptoms to needles, probes or other medical-type 
equipment. 

have chronic or acute symptoms of gastrointestinal bacterial infections ( e.g. 
Dysentery, Salmonella) 

have a history of infectious diseases (e.g. HIV, Hepatitis B); and, if appropriate 
to the study design, have a known history of rectal bleeding, anal fissures, 
haemorrhoids, or any other condition of the rectum; 

DECLARATION 

I hereby volunteer to be a subject in experiments/investigations during the period of 
20 

My replies to the above questions are correct to the best of my belief and I understand 
that they will be treated with the strictest confidence. The experimenter has explained to 
my satisfaction the purpose of the experiment and possible risks involved. 

I understand that I may withdraw from the experiment at any time and that I am under 
no obligation to give reasons for withdrawal or to attend again for experimentation. 

Furthermore, if I am a student, I am aware that taking part or not taking part in this 
experiment, will neither be detrimental to, nor further my position as a student. 

I undertake to obey the laboratory/study regulations and the instructions of the 
experimenter regarding safety, subject only to my right to withdraw declared above. 

Name of subject (please print) 

Signature of Subject ________________ Date: _____ 

Name of Experimenter (please 
print) 

Signature of Experimenter _____________ Date: _____ 
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Appendix 3: Physical Readiness Questionnaire (PAR-O). 
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Appendix 4 BLOOD ANALYSIS - Participant Screening Form 

Please read the following: 

a. Are you suffering from any known active, serious infection? 

b. Have you had jaundice within the previous year? 

c. Have you ever had any form of hepatitis? 

d. Have you any reason to think you may be HIV positive? 

e. Have you ever been involved in intravenous drug use? 

f. Are you a haemophiliac? 

g. Is there any other reason you are aware ofwhy taking blood might be 

hazardous to your health? 

h. Is there any other reason you are aware of why taking your blood might be 
hazardous to the health of the technician? 

Can you answer Yes to any of questions a-g? Please tick your response in the box below: 

Yes NoD D 
Small samples of your blood (from finger or earlobe) will be taken in the manner outlined to 
you by the qualified laboratory technician. All relevant safety procedures will be strictly 
adhered to during all testing procedures (as specified in the Risk Assessment document 
available for inspection in the laboratory). 

I declare that this information is correct, and is for the sole purpose ofgiving the 

tester guidance as to my suitability for the test. 

Name ............................................ . 

Signed ............................................ . 

Date 

If there is any change in the circumstances outlined above, it is your responsibility to tell the 
person administering the test immediately. 

The completed Medical Questionnaire (Par Q) and this Blood Sampling Form will be held in a 
locked filing cabinet in the Department of Sport and Exercise Science laboratories at the 
University for a period ofone-three years. After that time all documentation will be destroyed 
by shredding. 
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Appendix 5 - University of Bedfordshire biopsy information sheet 

University of 
Bedfordshire 

University of Bedfordshire 

Muscle Biopsy Information Sheet 

The muscle biopsy technique is a commonly employed technique within the exercise sciences. 
It is usually employed in studies that are examining the structure, metabolic and cellular state of 
a muscle in response to acute and chronic bouts of exercise. The following information is 
designed to inform all individuals interested in participating in a muscle biopsy study of the 
specific procedures and their associated risks and discomfort. Muscle biopsies are always 
carried out by fully qualified and experienced medical doctors. 

The procedure of a muscle biopsy and possible associated discomfort 

The muscle biopsy involves the removal of a small piece of muscle tissue from one of the 
muscles in your leg using a sterile hollow needle. The area over the outside of your thigh 
muscle will be carefully cleaned. A small amount of local freezing (anaesthetic) will be injected 
into and under the skin. You will likely experience a burning sensation while the freezing is 
injected. Then a small, 4 - 5 mm incision will be made in your skin in order to create an 
opening for the biopsy needle. There is often a small amount of bleeding from the incision, but 
this is usually minimal. The biopsy needle will then be inserted through the incision into the 
vastus lateralis muscle and a small piece of muscle (10 - 30 mg) will be quickly removed and 
the needle taken out. This will be repeated 3-4 times during each biopsy. During the time that 
the sample is being taken (about 5 seconds), you may feel the sensation of deep pressure in the 
muscle and on some occasions this is moderately painful. However, the discomfort very quickly 
passes and you are quite capable of performing exercise and daily activities. There may be some 
minimal bleeding when the needle is removed which may require application of pressure for a 
few minutes. Following the biopsy, the incision will be closed with sterile tape (steri-strips), and 
wrapped with a tensor bandage. Once the freezing wears off, your leg may feel tight and often 
there is the sensation of a deep bruise. 

What to do following a muscle biopsy 

After the procedure, you may feel some mild discomfort and possibly see some bruising. This 
often feels like the sensation of a 'dead leg' and your leg may feel discomfort when walking 
down the stairs etc. This is perfectly normal and should not cause you any undue concern. The 
tightness in the muscle usually disappears within 2 days. Seven to ten days after the biopsy you 
will be asked to visit the doctor who performed the biopsy at the and 
EJi:erdse Sciences for a formal assessment of how the biopsy site is healing. 

Potential risks associated with muscle biopsies 
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The local freezing will likely result in a burning feeling in the muscle at the time of the 
injection. This will last only 5 - I 0 seconds. There is an extremely low risk ofallergic reaction 
to the local injection (1 in 1 million). The chance of a local skin infection is less than 1 in 1000. 
Carefully cleaning the skin and keeping the area clean until the skin heals will minimize this. 
Most subjects experience local soreness and stiffness in the leg for two or three days after the 
biopsy similar to a deep bruise. There is a very low risk of internal bleeding at the biopsy site 
which can result in more prolonged pain and stiffness in the leg. On occasions, a small lump of 
scar tissue may form under the site of the incision, but this normally disappears within 2-3 
months, or within a few weeks if massaged. A small visible scar often remains from the biopsy 
incision. There is the possibility of a small area of numbness (about the size of a two pence) 
around the biopsy site. This usually resolves over 5 - 6 months. There is a very low risk 
( estimated at less than 1 in 5000) of damage to a small nerve branch to the muscle. This would 
result in partial weakness of the muscle and would likely have no impact on day-to-day 
activities. Nerve injuries like this usually resolve in 8 - 12 months, but there is a theoretical risk 
of mild leg weakness. 

Problems or concerns 

Infection can be serious and if you therefore experience a lot ofbleeding from the biopsy site, 
swelling or infection around the biopsy site, faintness, light headedness, heart pain, chest pain or 
increasing pain in your leg which is not relieved by Paracetamol, you must contact the doctor 
who did the biopsy right away. However, if for some reason, you are not able to contact this 
physician then you should contact your family doctor or go to the Accident and Emergency 
Department. 

Thank you for taking time to read the Muscle Biopsy Information Sheet. If you are interested in 
participating in a Muscle Biopsy Study could you please complete the Muscle Biopsy 
preliminary screening questionnaire (to ensure you are eligible to participate) and sign the 
associated Research Study consent form. 
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Appendix 6- University ofBedfordshire biopsy screening form 

MUSCLE BIOPSY SUBJECT SCREENING FORM 

Muscle, Cellular & Molecular Physiology Research Group 

University ofBedfordshire, Bedford Campus, 

Polhill Ave, Bedford 

MK419EA 

OJ 234 793004 

To help us ensure your safety and well-being please answer the following questions. 

1. Have you ever had a negative or allergic reaction to local freezing ( e.g. during dental 
procedures)? 

No □ Yes □ 

2. Do you have any tendency toward easy bleeding or bruising ( e.g. with minor cuts or 
shaving)? 

No □ Yes □ 

3. Are you currently taking any medication? 

No □ Yes □ 

4. Have you ever fainted or do you have a tendency to faint when undergoing or watching 
medical procedures? 

No □ Yes □ 

5. Will you contact the physician who did the biopsy directly ifyou have any concerns about 
the biopsy site including: excessive redness, swelling, infection, pain or stiffness of the leg? 

No □ Yes □ 

6. Are you willing to visit the physician who did the biopsy 7 - 10 days following the biopsy for 
an assessment of the biopsy site? 

No □ Yes □ 

Subject Name (print) :________________ 

Subject Signature: _________________ 

Date:_______ 

Signature of Person Conducting Assessment: __________ 
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Appendix 7 - Participant consent fonn {experimental chapters 2 and 3). 

Response of the Heat shock protein (Hsp) system to manipulation by external physiological 
factors. 

• I agree to take part in this research which is to investigate the effect of preconditioning via 
downhill running in the heat on the subsequent stress response to a 2nd exercise induced 
stressor. 

• The experimenter has explained to my satisfaction the purpose of the experiment and 
possible risks involved. 

• I have had the principles and procedures of the research explained to me and I have also 
read the study information sheet and University of Bedfordshire biopsy information sheet. I 
fully understand the principles and procedures. 

• I am aware I will be required to: 
Provide a urine sample prior to each testing session to assess whether I'm hydrated. 

Insert a flexible rectal thermometer 10 cm into my anus to measure core temperature during 
exercise. 

Run submaximally on the flat and downhill in a neutral or hot and humid environment. 

Have fingertip blood samples obtained to measure, blood lactate, blood glucose, 
haematocrit and haemoglobin concentrations. 

Have 10 venous blood samples taken from my arm to enable the experimenter to measure 
HSP gene and protein expression within leukocytes (white blood cells) and to obtain serum 
to measure serum osmolarity. 

Have skin temperature non invasively measured via thermocouples taped to the skin surface 
continuously during exercise. 

Have 10 muscle biopsies (3-4 passes per biopsy) taken to obtain a small portion of muscle 
tissue under local anaesthetic to ascertain the effect of each intervention on HSP gene and 
protein expression. 

Have 2 small incisions (per experimental trial) in my thigh and have a temperature 
thermocouple inserted to measure muscle temperature during exercise. 

• I understand that any confidential information will be seen only by the researchers and will 
not be revealed to anyone else. 

• I understand I am free to withdraw from the investigation at any time, without needing to 
provide a reason. 

NAME (please print) .............................................................................. . 

Signed............................................................................................... . 

Date.................................................................................................. . 

Witnessed by experimenter (please print) ....................................................... . 

Signed............................................................................................... . 
Date ................................................................................................... . 
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