THE UNIVERSITY OF HULL

Endothelial function response to different modes of acute and chronic

exercise in both health and diseased populations

A thesis submitted for the degree of Doctor of Philosophy

To the Faculty of Science and Engineering at the University of Hull

By

Richard James Thompson Kirk BSc (Hons), MSc

September 2014



Table of Contents

ACKNOWIEAGEMENTS.......cuiiiieie ettt sreenreenee e 6
DISSEIMINATION ....viiiiiiitieieie ettt bbbt et et st e nbesbenbenreas 8
I TS o) T 10 TSRS 10
LIST OF TADIES ... bbbt 15
NOMENCIATULNE.......eiiiiiee et b et e e e sneees 18
N 0] £ - Uo! PSP UUR PR UPRPRPN 21
Chapter 1: General INtrodUCTION..........ccooiiiiiiiiecce e 25
1.1 General INTrOQUCTION .........ooiiiiiie ettt sttt see e neas 26
Chapter 2: LIiterature REVIEW .........ccoiiiiiiiiiiiieeeeee e 30
0 R I L= T (o1 1= 1 o SRR 31
2.1.1 Endothelial dysfunction (ED) ........c.ccoiieiiiiiiic et 32
2.1.2 Coagulation IN ED........cccoiiiiiiiiiiie e 33
2.1.3 Assessment of endothelial function (EF) ........cccoceeveiiii i 34
2.1.4 Flow-Mediated Dilation (FIMID)........cccoeiiiiiiieieseece ettt 36

A L g To 0 N PSSR 37

2.2 MICrOPArtiCles (IMP).....c..o oottt sbe et sre e 38
2.2.1 MP formation and relaSE .........cocveviieiieiiric e 39
2.2.2 ROIE OF MIP ...ttt reene e 43
2.2.3 DEteCtioN OF MIP ..ot bbbt 44
2.2.4 Endothelial microparticlesS (EMP)........cccooiiiiiiiiiiii e 45
2.2.5 EMP in healthy CONAItIONS........cccociviiiiiieccicc e 47
2.2.8 CDL0B ... vttt ettt n et ettt n e reene e 48
A A O X SRS 49

2.8 EXEICISE @NA EF........co ittt ene 51
2.9 POlYCYStIC OVAIY SYNUIOIME ..ottt ene 58
2.9. 1 OVEIVIBW ...ttt sttt sttt st et sttt e e s e bt et esbenbe st et e e e enenne e 58
2.9.2 DIagnosiS OF PCOS .....c.oo ittt sttt st 59
2.9.3 Prevalence 0Ff PCOS.... ..ottt sttt sre e e 60
2.9.4 Pathogenesis 0F PCOS ...ttt sttt 61
2.9.5 Abnormalities associated With PCOS ..........cccccoviiieie i 62
2.9.6 ODESItY aNA PCOS ...ttt st sre st nre 63
2.9. 7 ED INPCOS ...ttt sttt sttt neene e 64
2.9.8 Exercise intervention on EF iN PCOS..........ccooi i 65
Chapter 3: General MethodolOgIes..........cciuiiieiieiiiicceece e 68
3.1 Recruitment and screening of participants...........cccoooicieiieie s 69
3. 1.1 DAtA STOTAGE ...c.veeieteiteeiie sttt ettt sb bbbttt n b r e b n e 70

3.2 ANthropomMEtriC MEASUTEIMENTS ........ciiieiieieieiieiese sttt 70
3.2.1 BlOOU PIrESSUIE ...t et eteeie sttt ettt e e see et e besre e st e sbeaneesaesaeeneeseeeneeneeas 70
Bi2.2 HEIGNL ..ottt 71

3. 2.3 BOOY MASS ...ttt sttt ettt sttt e te et enbe s re e st e nbeaneenaeeneeneesreeneenaeas 71
3.2.4 Manual waist t0 hip MEASUIEMENTS .........couiiiiie ettt 72

3.3 Peak power oULPUL (PPO) TEST........ccoiiiierieieieieieses s 72
3.4 SUD MaXiMal EXEICISE TEST.......couiiieiieiee ettt eree e 73
3.4.1 MaXimal EXEICISE TEST......cieerieieieeieste ettt ste et sr e e e aesreerae e 75



3.5 EXPIred gas @nalYSIS......cciiieiiiiiie ettt nee e 75

3.6 BlOOA COHBCLION ...t ettt 76
3.6.1 Capillary blood SAMPIES. ........coiiiiiiiee e 76
3.6.2 Venous blood SAMPIES .......ccvciiiicicie e 76

BT EIMP ..ttt bbbttt bRt n bt e e 77
3.7.1 Sample analysis OF EMP ..o 79

3.8 EF using the ENOPAT-2000.........cccoiiieieieeieie sttt se et sre et sresrae e 80

Chapter 4: Investigation into the effects of repeated supra maximal cycling on the
EMP response in healthy males ... 84

A 1 € oo [ Tod o] o PSSR P USSP 85

Y 1= 1 0T LSS 87
4.2.1 Participant CharaCteriStiCs .........ciiviieiiiieie e 87
4.2.2 EXPEriMENtal UESIGN. ...c.viieiieiiitiiiisie et 87
4.2.3 STatiStICAl ANAIYSIS ... .iivieiiitiiiee e e 89

A3 RESUILS ...t bbb 89
4.3.1 ACId DASE NOMEOSTASIS ......vvvitiriiie et 89
A.3.2 PRR ..ot bbb bbbttt 91
4.3.3 CDL05F MP ..ottt 93
A.3.4 CDL06F MP ...ttt ettt ettt 95
4.3.5 Overall + MP reSPONSE t0 BXEICISE ...cveivveieiieeieiteieeiee e eteste e tesre e e sresre e steeeesnas 97

T T 11 (] o OSSR 98

Chapter 5: Investigation into the effects of repeated supra maximal cycling on the
EMP response in healthy females ..o 105

TR0 1 011 oo [ Tod [ o PSS 106

5.2 IMBENOUS. ...t sttt ettt et ere s 111
5.2.1 Participant CharaCteriStiCs ..........ccocuuirirrerieieisise s 111
5.2.2 EXPerimental deSIgN........cccvciiiiiiieiece et s s 111
5.2.3 StatistiCal @NalYSIS........cceiiiiiiiiiccce e e 113

B3 REBSUILS ...ttt sttt et re e e re e aenreene e 113
5.3.1 ACid DaSe NOMEOSLASIS .....cuveveeiieieiiirie e 113
5.3.2 PerfOrmManCe Tata...........c.oioveeiriiiieieiesie e e ettt aesreere et e e e e 115
5.3.3 SBP, DBP, HR and % HRMAX......ccuruiuruiiinieiiiinirieee et 115
5.3.4 RPE, PRR and RPM and HR during XerCiSe........ccccvvvvieviireiiieienieeie e eeesre e 117
B5.3.5 CDL05H IMP ..ttt e et e e rae e e an 119
5.3.6 CDL06F MP ...ttt ettt bbbt 120

LR DT oW 1] (o o PSS 121

Chapter 6: Investigation into the effect of a long duration intermittent cycling
protocol on the EMP release in healthy males............cccooiiiiiiiiiini 125

G TR 18 o 11y o o USRS 126

8.2 IMIEENOTS.. ..ottt sttt neas 129
6.2.1 Participant CharaCteriStiCs ..........covuiiiireriiieisise et 129
6.2.2. EXperimental deSign...........coviiiiiiiieieee s 129
(IZRC I =] [T o It=To T ] 113 To OSSP R 130
6.2.4 STAtiStiCAl ANAIYSIS ......ccveiiicieie s 130

8.3 RESUITS ...ttt sttt ettt sttt eeen et ne e e teeneeneas 131
6.3.1 ACIA-DASE NOMEOSLASIS .......eceeeieiieeieeie ettt 131
IR o 1 o L LTS 132
6.3.3 PRR and RPE and dUriNg EXEICISE......cccuiuriiieerieeieesieeaieereeseeesieesseesseesnsssnsesssessenes 133



6.3.4 CDIL05F MP ...ttt 135

6.3.5 CDL0BF MP ...ttt e et nen 136
ORI T od W3] o] o SRR 138
Chapter 7: EF response to acute exercise in healthy, sedentary individuals
measured using EMP and ENdOPAT-2000 .........ccccoeiierieieiiese e 143
7.1 INTFOTUCTION ...ttt ettt be b b e e e b 144
A 1Y, =1 1 T o RS 147
7.2.1 SUDJECE CharaCeriStICS. .......veueeiieiiiicie e 147
7.2.2 EXPerimental deSigN........cocvoiiiiiieic et 147
7.2.3 BI00d SAMPIING ...t 148
7.2.4 EXEICISE PIOLOCOL......cciiiieiie ettt st e b sae e 148
7.2.5 Statistical ANAIYSIS.......ccoiiiiiiie e s 149
T ST USSR 149
7.3.1 Baseling CharaCteriStiCS .......ccuuuiiiiiiiieieiee st 149
7.3.2 Effects of exercise on blood marker measurements...........ccccooevvrvereveeienesnennenns 150
7.3.3 CDL05F MP ..ottt ettt sttt sttt nes 151
7.3.4 CDL0BF MP ..ottt sttt e et ne s 152
7.3.5 Correlation of EndoPAT-2000 data With EMP ..........ccccevviiiiniriiee e 154
7.3.6 CDL05+ MP ..ottt sttt ne s s 154
7.3.7 CDL06F MP ..ottt e bt a et nn s s 155
I T od W3] o] o USSR 155
Chapter 8: The effects of an 8 week moderate intensity exercise programme on EF
in women with and WithOUt PCOS ... 160
8L INTFOAUCTION......tiiiiiiiiieite e ettt et e e e nne s 161
B2 1Y, 1= g o o PSS 163
8.2.1 Participant CharaCteriStiCS.........uuiirreririeiieieisiee st 163
8.2.2 EXPerimental deSIgN........cocveiiiiiieicce e s s 164
8.2.3 BASEliNg ASSESSIMENT ........iiieeeiiiiiieie it sie e ste et e et steesaesre s eeesneenee e 166
8.2.4 EXErcise training Programme ........cc.eieiiieireieeiiesieereesreseesrestesaesresteeaesressaessesseeseenns 167
8.2.5 Mid-pOiNt @SSESSIMENL.........ccviitiiieiiite ettt sreeta e besre e 168
8.2.6 FINAl ASSESSIMENT.......uiiiiiiiie ettt ettt te e sbe e sae e s e s beebeenteesreas 168
8.2.7 Venous blood SAMPIES .......ccvciiiiicce e e e 168
8.2.8 StatiStiCal ANAIYSIS......ccveiiieieiee s 169
BB RESUILS ..ttt ettt ere s 170
8.3.1 Baseling CharaCteriStiCS ........cuuvuiiiririeieieieee e 170
8.3.2 Effect of exercise on measured variables..........cccovvriviiieiiniiiie i 172
8.3.3 BI00d mMarker MeasUIEMENTS. ........uieiueieieieieieeiesie et sreanas 174
8.3.4 CDLOSH IMP ...ttt e e e e et e e rae e naeean 174
8.3.5 CDL0GBH IMP ...ttt e e e naeean 175
8.3.6 Correlations of anthropometric data with EMP data............c..ccccoeevveviieiiencieenenn, 177
8.4 DISCUSSION. ...ttt ettt ettt ettt e s et e st e s et e e be e e be e e beeebeesabeesbeesbeesbeesaeesabesnbeenbeenbeereas 179
Chapter 9: Combination of data from previous chapters...........c.ccoccvvviiieiininns 187
LS IS0 1 011 oo [ Tod i [ o PSSR 188
LS00 1Y, 1= g T o PSS 188
9.2.1 StatiStiCal ANAIYSIS ......ccveieieiieieies s 189
0.3 RESUIES ...ttt ettt e e ene e e reene e 189
0.3.1 CD105+ MP baselin data .........cccevuereiieiieiieie et 189
0.3.2 CD106+ MP baseling data .........cccevuerueiieiiiieie et 191



9.3.3 Effects of gender 0N EMP .........ooi o 192

9.3.4 Effects of acute eXercise 0N EMP .......ooiieviiii ittt e e n e enee e 193

L I B T T o1 Yo ] IO 194
Chapter 10: General DISCUSSION ........cccviiueiieiiieieieeieeiee e e e e ssee e sreeeesreenee s 197
O 0 [ ] o (oo [U1e3 T o TR 198
10.2 CD105+ MP and CD106+ MP responses t0 EXEFCISE .....c.ccvevververerieeieseesiesieeeennens 201
L10.3 BIOMAIrKEIS Of EF ... oottt ettt e e e e e et et e e e s e s eteeesesaanees 203
10.4 Recommendations fOr fUTUIE FESEAICH...........oivveiiiiereiee ettt e eaaee e 204
Chapter 11: REFEIENCES. .. .ccvi ittt 206



Acknowledgements

I am enormously grateful to a number of people who have helped me in the completion
of this doctoral thesis. Thanks must be given first of all to Professor Stephen Atkin and
Dr Paul Potrac who gave me the initial opportunity to study at the University of Hull. |
also wish to thank Professor Sean Carroll for your continued support throughout my
time here, both academically and personally, | really appreciate everything you have
done for me. Special thanks must be given to Dr Leigh Madden, who over the course of
my studies has been invaluable in various aspects, not only with biochemical
measurements, but also as a main supervisor and mentor, | cannot thank you enough.
None of what | have been able to achieve would have been possible without my primary
supervisor, Dr Rebecca Vince. | am entirely grateful for your great patience and
generosity, and the stimulating ideas you helped to provide helped make this entire

project possible, thank you, for everything.

I also must express my appreciation to my fellow post graduate colleagues within the
department for their great friendship and advice from the get go; namely Bryna, Chris,
Steph and particularly Dan and Will. You all played a huge part of my time here at Hull
and you will never be forgotten. Thanks also must be directed at all of those who
willingly volunteered to take part in the numerous experiments along the way. | must
also take the time out to thank my fellow research colleagues that | have worked with
along the way, particularly Dr Myint Aye, as without your coherence and great minds,

this work would not have been possible.



My final and most important thanks are reserved for my family. To Mam and Dad,
words cannot describe the extent of my love and gratitude towards you, particularly
over this very long and at times very difficult journey. You have always been there for
me when required and always offered the correct advice. | set out on this project with an

aim to make you proud and to prove that I could do it, and now I have. I love you both.



Dissemination

Published Research Articles

Kirk, R.J., Peart, D.J., Madden, L.A., Vince, R.V. (2013). Repeated supra-maximal
sprint cycling with and without sodium bicarbonate supplementation induces
endothelial microparticle release. European Journal of Sport Science, DOI:

10.1080/17461391.2013.785600



Conference Presentations

Kirk, R.J., Madden, L.A., Atkin, S.L., Aye, M.M., Vince, R.V. (2013). Short-term
moderate-intensity exercise independently improves endothelial function in women
with polycystic ovary syndrome’. Young Life Scientists Symposium, London. Finalist
for best poster presentation: Cardiovascular Medicine: Bridging Basic and

Clinical Researchers

Kirk, R.J., Peart, D.J., Madden, L.A., Vince, R.V. (2012). Repeated supra-maximal
sprint cycling with and without sodium bicarbonate supplementation induces
endothelial microparticle release. Annual Conference of the European College of Sports

Science, Bruges. Nominated for Young Investigator Award



List of Figures

Chapter 2: Literature Review

Fig 2.1 Electron microscopy of circulating MP from patients with acute coronary

syndrome (From : Boulanger, Amabile & Tedgui, 2006)

Fig 2.2 Plasma membrane response to cell stimulation leading to MP release.

Fig 2.3 Phenotypes of cellular biomarkers of endothelial health using EMP

Fig 2.4 Polycystic ovaries assessed on ultrasound

Chapter 3: General Methodologies

Fig 3.1 Representation of the flow cytometry MP gating used to determine MP numbers

throughout the entire thesis showing FSC and SSC plots

Fig 3.2 Representation of flow cytometry quantification of EMP

Fig 3.3 EndoPAT machine

10



Fig 3.4 EndoPAT set up used in experimental trials. Panel A represents the setup of the
system including the finger probes on each hand. Panel B shows the blood pressure

reading for the occlusion of the brachial artery

Chapter 4: Investigation into the effects of repeated supra maximal cycling on the

EMP response in healthy males

Fig 4.1 Performance parameters as measured by PRR in both experimental conditions

Fig 4.2 CD105+ MP expressed at rest and immediately, 90, and 180 min post exercise

during the placebo and experimental trials

Fig 4.3 CD106+ MP expressed at rest and immediately, 90, and 180 min post exercise

during the placebo and experimental trials

Fig 4.4 Overall group means of CD105+ MP and CD106+ MP expressed at rest,

immediately, 90, and 180 min post exercise

Chapter 5: Investigation into the effects of repeated supra maximal cycling on the

EMP response in healthy females

Fig 5.1 Performance parameters during exercise as measured by average HR, peak HR,

RPE and PRR during exercise

Fig 5.2 CD105+ MP at rest and immediately, 45 min, 90 min and 180 min post exercise

11



Fig 5.3 CD106+ MP at rest and immediately, 45 min, 90 min and 180 min post exercise

Chapter 6: Investigation into the effect of a long duration intermittent cycling

protocol on the EMP release in healthy males

Fig 6.1 Performance parameters during exercise as measured by average HR and peak

HR during exercise

Fig 6.2 Performance parameters during exercise as measured by RPE and PRR during

exercise

Fig 6.3 CD105+ MP expressed at rest, and immediately, 45 min, 90 min, and 180 min

post exercise

Fig 6.4 CD106+ MP expressed at rest, and immediately, 45 min, 90 min, and 180 min

post exercise

Chapter 7: EF response to acute exercise in healthy, sedentary individuals

measured using EMP and EndoPAT-2000

Fig 7.1 CD105+ MP expressed at pre, post and 60 min post exercise

Fig 7.2 CD106+ MP expressed at pre, post and 60 min post exercise

Fig 7.3 RHI correlated with CD105+ MP

12



Fig 7.4 RHI correlated with CD106+ MP

Chapter 8: The effects of an 8 week moderate intensity exercise programme on EF

in women with and without PCOS

Fig 8.1 Diagram of participant information and study design from initial volunteering of

the study to final study completion

Fig 8.2 CD105+ MP expressed at pre, mid, and post exercise intervention in PCOS and

control participants

Fig 8.3 CD106+ MP expressed at pre, mid, and post exercise intervention in PCOS and

control participants

Chapter 9: Combination of data from previous chapters

Fig 9.1 CD105+ MP expressed in participants from chapter 4 (C4), chapter 5 (C5),

chapter 6 (C6), chapter 7 (C7), chapter 8 (controls, C8 Con) and chapter 8 (PCOS, C8

PCOS) at rest/pre exercise.

Fig 9.2 CD106+ MP expressed in participants from chapter 4 (C4), chapter 5 (C5),

chapter 6 (C6), chapter 7 (C7), chapter 8 (controls, C8 Con) and chapter 8 (PCOS, C8

PCOS) at rest/pre exercise.

13



Fig 9.3 CD105+ MP and CD106+ MP expressed in participants from chapter 4 (C4),
chapter 5 (C5), and chapter 6 (C6) at rest, and then post, 45, 90 and 180 min post

exercise.

14



List of Tables

Chapter 2: Literature Review

Table 2.1 Most common methods for the evaluation of EF and their advantages and

disadvantages

Table 2.2 Summary of exercise trials measuring EMP and/or cell adhesion molecules as

a marker of EF

Chapter 4: Investigation into the effects of repeated supra maximal cycling on the

EMP response in healthy males

Table 4.1 Acid base characteristics (pH, HCO3', base excess, and H") measured pre and

post ingestion of NaHCO3; (means + SD)

Chapter 5: Investigation into the effects of repeated supra maximal cycling on the

EMP response in healthy females

Table 5.1 Acid base characteristics (pH, lactate, H*, Hctc, and base excess) measured at
rest, immediately after exercise, and 45 min, 90 min and 180 min post exercise (means

+ SD)

Table 5.2 SBP, DBP, HR, and percentage of maximum HR recorded at rest, during,

immediately after exercise, and during post exercise recovery (means + SD)

15



Chapter 6: Investigation into the effect of long duration intermittent cycling

protocol on the EMP release in healthy males

Table 6.1 Acid base characteristics at rest and then 18 min intervals throughout the

exercise (means + SD)

Chapter 7: EF response to acute exercise in healthy, sedentary individuals

measured using EMP and EndoPAT-2000

Table 7.1 Baseline characteristics of participants showing the mean body mass, SBP,

DBP, VOzmax, BMI, RHI, fRHI and Al (means + SD)

Table 7.2 Characteristics of participants showing mean variables measured from pre

exercise to post, and 60 min after exercise ((means £ SD, n = 10).

Chapter 8: The effects of an 8 week moderate intensity exercise programme on EF

in women with and without PCOS

Table 8.1 Body mass, SBP, DBP, VOmax, BMI, WHR, WC, CD105+ MP and CD106+

MP expressed at baseline in PCOS and control women

Table 8.2 Body mass, SBP, DBP, VO,max, BMI, WHR, and WC expressed at baseline,

mid and post exercise intervention in PCOS and control women

16



Table 8.3 Correlation of CD105+ MP and CD106+MP with variables measured in

control and PCOS patients across the exercise programme

Chapter 9: Combination of data from previous chapters

Table 9.1 Resting/pre exercise + MP concentrations in healthy trained males, healthy

trained females, healthy males and healthy females from entire thesis (mean = SEM)

17



Nomenclature

°C The degree Celsius
pl Microlitre
pHm Micromolar
Ach Acetylcholine
Al Augmentation index
AOX Antioxidant
BA-FMD Brachial artery flow mediated dilation
BP Blood pressure
BMI Body mass index
BW Body weight
ca®* Calcium ions
CD31 Platelet endothelial cell adhesion molecule (PECAM-1)
CD51 Integrin-aV
CD105 Endoglin
CD106 Vascular cell adhesion molecule-1 (VCAM-1)
CD144 VE-Cadherin
CD146 Melanoma cell adhesion molecule
CD62E E-selectin
CD62P P-selectin
CHO Carbohydrate
CK Creatine kinase
cm Centimetre
CO, Carbon dioxide
CRP C-Reactive protein
Ccv Cardiovascular
CvD Cardiovascular disease
DBP Diastolic blood pressure
ED Endothelial dysfunction
EF Endothelial function
ELISA Enzyme linked immunosorbant assay
EMP Endothelial microparticle(s)
ET-1 Endothelin-1
FACS Fluorescent activated cell sorting
FC Flow cytometer
FMD Flow mediated dilation
fRHI Framingham reactive hyperaemia index
FSC Forward scatter
Gram
H* Hydrogen ion
H,0 Water
HC Hip circumference
HCO3 Bicarbonate
HDL-C High density lipoprotein cholesterol
hr Hour (s)
HR Heart rate
HRmax Maximum heart rate
HRpeak Peak heart rate
HRecovery Recovery heart rate
HRR Heart rate reserve

18



HSP Heat shock protein

HSP72 Heat shock protein 72

HUVECS Human umbilical vein endothelial cells
IAT Individual anaerobic threshold
ICAM-1 Intercellular adhesion molecule-1
IL-1 Interleukin-1

IL-6 Interleukin-6

IR Insulin resistance

KCI Potassium chloride

kg Kilogram

kJ Kilojoules

km Kilometre

LH Luteinising hormone

M Molar

m? Square metres

METS Metabolic equivalents

min Minute(s)

mg/dL Milligram per decilitre

mmHg Millimetre of mercury

mmol/I Millimole per litre

MP Microparticle(s)

MS Metabolic syndrome

NaCl Sodium chloride

NaHCO; Sodium bicarbonate

NAFLD Non-alcoholic fatty liver disease
NIH National institute of health

NO Nitric oxide

0O, Oxygen

PAI-1 Plasminogen activator inhibitor-1
PAT Peripheral arterial tone

PCOS Polycystic ovary syndrome

PFP Platelet free plasma

PMP Platelet microparticle(s)

PPO Peak power output

PRR Perceived readiness rating

PS Phosphatidylserine

PWA Pulse wave amplitude

RHI Reactive hyperaemia index

RM Repetition maximum

RNA Ribonucleic acid

ROS Reactive oxygen species

RPE Rate of perceived exertion

RPM Revolutions per minute

S Second(s)

SBP Systolic blood pressure

sCD106 Soluble vascular cell adhesion molecule -1
sCD62E Soluble E-selectin

SICAM-1 Soluble intra-cellular adhesion molecule-1
SSC Side scatter

TACE Tumor necrosis factor-o converting enzyme
T1DM Type 1 diabetes mellitus

T2DM Type 2 diabetes mellitus

19



TG

™
TNF-a
VEGF
VF

VO,
VOZmax
VOZsubmax

wC
WHR

Triglycerides
Thrombomodulin

Tissue necrosis factor-a
Vascular endothelial growth factor
Visceral fat

Volume of oxygen consumed
Maximal oxygen uptake
Sub- Maximal oxygen uptake
Watt

Waist circumference

Waist hip ratio

20



Abstract

Endothelial microparticles (EMP) offer an insight into the state of the endothelium and
are known to be elevated in diseases characterised by endothelial dysfunction (ED)
(Horstman et al., 2004; Vince et al., 2009a). EMP have also been shown to increase
after exercise/endothelial stress in healthy individuals (Sossdorf et al., 2011; Vince et al,

2009) but this area remains relatively novel.

The purpose of the first experiment was to quantify the effects of an acute bout of
strenuous exercise on the circulating levels of EMP and to assess if this effect is
different after the ingestion of an extensively researched ergogenic aid (sodium
bicarbonate, NaHCO3). Seven physically active and apparently healthy males
volunteered to perform 10 x 15 second (s) cycle sprints after the ingestion of either 0.03
9.kg.BW™ NaHCO; or 0.045 g.kg.BW™ of a placebo (sodium chloride, NaCl) in
capsules. The ingestion of NaHCO3 induced a pre exercise alkalosis as evidenced by a
significantly altered resting acid base status, but had no influence on levels of EMP in
healthy males. As a result, the data was combined for the two experimental groups, and
the exercise produced a significantly increased level of CD105+ MP (MP;
microparticles) at 90 minutes (min) and 180 min when compared with resting levels (p
= 0.010, p = 0.043 respectively). The observed peak value at 90 min was also
significantly greater compared to immediately post exercise (p = 0.019). CD106+ MP
also increased significantly to 90 min from immediately post exercise (p = 0.020) and
this was still greater at 180 min compared to post exercise (p = 0.015). It was concluded
that exercise of this nature was sufficient to elicit ED, although the endothelium shows
signs of endothelial repair within a matter of hours (hr). Also, it appears that pre

exercise alkalosis has no effect on the attenuation of EMP quantity.
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Additional work was completed to verify the novel finding that CD105+ MP and
CD106+ MP appear markers of endothelial function (EF), and to further examine the
quantification of EMP, this time in healthy females. There was also an additional blood
draw in order to assess where the maximum level of endothelial stress was occurring
post exercise. In the second experiment, 10 healthy females completed the identical
repeated sprints protocol as the first experiment, this time without the ingestion of
NaHCO3;. CD105+ MP were increased 90 min post exercise compared to immediately
after exercise (p = 0.042). There was again a decline in both markers from 90 min to
180 min, although this was not significant. Furthermore, with the addition of a blood
draw at 45 min post exercise, it was suggested that EMP levels appear to be rising
between 45 min and 90 min post exercise, speculating this is the time point of greatest
endothelial damage. Finally, shear stress was suggested as a key reason behind the
increase in endothelial damage as a result of exercise, as indicated by significant

changes in variables such as heart rate (HR) and systolic blood pressure (SBP).

The third experiment employed a longer 90 min interval cycling protocol with the
purpose of quantifying EF over a greater period of time, allowing investigation into
whether the markers of EF were altered in the same way as the previous two
experiments. It was also an aim to further assess the possible influence of shear stress
factors on ED. Fourteen healthy males completed 90 min of high intensity aerobic
exercise, and there were several changes in both CD105+ MP and CD106+ MP.
CD105+ MP rose significantly from rest to an observed peak at 90 min (p = 0.019).
Both of these markers indicated a significant restoration of the endothelium as indicated
by a fall from peak values during recovery to 180 min post exercise (CD105+ MP, p =
0.009; CD106+ MP, p = 0.022). This experiment concluded that the endothelium is

greatly affected by highly intense exercise over a prolonged period of time, but is
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recovered fully in a time period of 3 hr. The effects of shear stress again appear to be
largely influential, but future work must now be conducted in order to build on the
findings from this research and examine shear stress closely during exercise and its

relationship with EMP quantification.

It was the aim of the next experiment to investigate two separate methods of assessing
EF (EMP and EndoPAT-2000), this time in a group of sedentary, but otherwise healthy
individuals, in order to monitor the changes as a result of an acute bout of moderate
intensity acute exercise. There were no significant differences found in EF as a result of
exercise. This was indicated by no significant changes in CD105+ MP concentrations
from pre to post exercise (p = 0.84) or pre to 60 min post exercise (p = 0.612). CD106+
MP concentrations showed a decrease from resting values (2513 CD106+ MP per pl
platelet free plasma; PFP) to immediately post exercise (1368 CD106+ MP per pl PFP,
p = 0.09), and again at 60 min post exercise (1293 CD106+ MP per pl PFP, p = 0.073)
compared to resting values. Additionally, EndoPAT scores were unaffected by exercise,
with values of reactive hyperaemia index (RHI) changing from rest (2.43) to post
exercise (2.57), but this was not significant (p = 0.35). Correlations were carried out in
order to determine and comparisons that may have existed between EMP and EndoPAT
score using RHI. Although there was a slight trend for the higher numbers of CD105+
MP to correlate with the lower scores of RHI (r = 0.327) this was not significant (p =
0.171). CD106+ MP showed no correlations with RHI (r = -0.087, p = 0.717). This
chapter suggested that exercise was not strenuous enough to see any significant changes
in EF, and EMP continue to appear efficient markers of EF in a population of sedentary,

healthy individuals.
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The final experimental chapter investigated the effects of a supervised 8 week moderate
intensity exercise programme on women with polycystic ovary syndrome (PCOS) and
control women free from any known disease. The aim was to assess if this type of
exercise could improve EF in this population, and if there was a relationship with EMP
(CD105+ MP and CD106+ MP) to other factors, such as body composition and
cardiorespiratory fitness. EF was improved from baseline values to post exercise
programme, with CD105+ MP concentrations reducing from 2113 CD105+ MP per pl
PFP to 424 CD105+ MP per pl PFP (p = 0.025). Furthermore, control women showed
no significant change from pre to post exercise programme in CD105+ MP (p = 0.25),
or CD106+ MP (p = 0.99). Further analysis was performed to look for any associations
with the changes in EMP compared to body composition changes as a result of exercise,
but no significant correlations existed. This study concluded that supervised, moderate
intensity exercise independent of substantial weight loss was enough to elicit an00
improvement in EF in women with PCOS compared to healthy control women.
Additionally, EMP concentrations appear to be able to effectively map changes in EF
across a long period of time in diseased states, adding to the notion that EMP may
account for EF. Future work must now build on these findings from this research and
examine this response in a larger cohort involving PCOS women with varied

phenotypes and body composition.
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Chapter 1: General Introduction
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1.1 General Introduction

The endothelium is made up of a continuous monolayer of cells known as endothelial
cells, and constitutes the inner lining of the blood vessels and the lymphatic system
(Johnson-Leger, Aurrand-Lions & Imhof, 2000). The endothelium plays a critical role
as a semi selective barrier between the vessel lumen and surrounding tissue, and is the
primary sensor of any physical and chemical alterations in the blood (Burger & Touyz,
2012). The endothelium regulates vascular tone (Vita, 2011) and is essential for

controlling the passage of fluid into the tissue (Burger & Touyz, 2012).

Endothelial dysfunction (ED) is a term that includes a shift from a normal, healthy
endothelium to a stressed/damaged endothelium, characterised by a pro-
vasoconstriction, pro-coagulation and pro-inflammatory phenotype (Flammer &
Luscher, 2010; van den Oever et al., 2010). It is now well recognised that any
alterations in the integrity of the endothelium and physiological functions represent key
mechanisms in the initiation and development of vascular diseases (Navasiolava et al.,
2010). In humans, ED correlates with disease progression (Halcox et al., 2009), is
associated with various disease risk factors (Hamburg et al.,, 2008a;b), and is a
prominent feature of metabolic diseases such as type 2 diabetes mellitus (T2DM) and
obesity (Xu & Zou, 2009). To show the true extent to which ED is associated with an
array of diseases, it has been involved in hypertension, atherosclerosis, aging, heart and
renal failure, coronary syndrome, preeclampsia, type | (TLDM) and T2DM, impaired
glucose tolerance, insulin resistance (IR), obesity, inflammation, smoking and mental

stress (Feletou & Vanhoutte, 2006).



When subjected to various substances (released by autonomic and sensory nerves or
platelets), circulating hormones, and cytokines, as well as to physical and chemical
stimuli (e.g. pressure changes, shear stress and pH), endothelial cells synthesise and
release various factors that modulate angiogenesis, inflammatory responses,
haemostasis, and also vascular tone and permeability (Feletou & Vanhoutte, 2006). ED
may be assessed by various techniques in humans, such as biochemically through the
release of biomarkers (e.g. adhesion molecules and cytokines) in the blood (Thomson et
al., 2012), or functionally by measuring endothelium dependent dilation in vitro and in
vivo either in response to an agonist, or to changes in the flow in the forearm, coronary,

or peripheral circulation (Deanfield, Halcox & Rebelink, 2007).

A growing area of research in recent times related to endothelial stress and ED includes
the measurement of endothelial microparticles (EMP) (Dignat-George & Boulanger,
2011; Hargett & Bauer, 2013). These cellular biomarkers represent an alternative to
other direct measures of endothelial function (EF) (Burger & Touyz, 2012). EMP are
fragments of cellular membrane shed from stressed or damaged endothelial cells
(Dignat-George & Boulanger, 2011; Horstman et al., 2004). EMP are released under
conditions of cell stress/damage, and plasma levels of EMP have been shown to be
increased in several cardiovascular (CV) and metabolic diseases, such as T2DM (Gad et
al., 2014), hypertension (Preston et al., 2003) and metabolic syndrome (Helal et al.,
2011). EMP would therefore appear to be reflective of ED, suggesting that this family

of MP are valuable markers of disease.

An area of research gaining heightened attention is the response of EMP to exercise,
whether it is acute or chronic exercise, in both health and diseased populations (Chaar et

al., 2011; Guiraud et al., 2013; Sossdorf et al., 2010), although it must be said that
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research in this area remains highly novel. Individuals participating in vigorous exercise
have been observed for their endothelial state by looking at circulating levels of
vascular endothelial markers, of which two of the more common markers are Endoglin
(CD105) and vascular cell adhesion molecule-1; VCAM-1 (CD106) (Chaar et al., 2011;
Chrismas et al., 2010; Madden et al., 2010; Marsh & Coombes, 2005; Vince et al.,
2009a;b). Moderate intensity long term exercise is also known to either decrease or
steady levels of endothelial adhesion molecules in both health and diseased populations
(Adamopoulos et al., 2001; Sjogren et al., 2010; Thomson et al., 2012), adding to the
intriguing and novel concept of the use of endothelial adhesion molecules as markers of
EF across acute and chronic exercise. CD105 is a transmembrane glycoprotein which is
predominantly expressed constitutively on activated vascular endothelial cells (Dallas et
al., 2008; Jimanez et al., 2003). The expression of CD105 after exercise has received
attention as of late, specifically following acute bouts of exercise/oxidative stress
(Chrismas et al., 2010; Madden et al., 2010). CD106 is a transmembrane glucoprotein
member of the immunoglobulin super family that is expressed on activated vascular
endothelial cells, usually under the influence of inflammatory stimuli (Fotis et al., 2012;
Vince et al., 2009b). Specifically, CD106 has been used in order to assess EF after acute
bouts of exercise of differing natures (Chaar et al., 2011; Vince et al., 2009a;b).
Additionally, when looking into chronic exercise bouts, moderate intensity exercise is
known to either decrease or steady levels of endothelial markers in health and diseased
populations, showing the diverse potential of such markers making them hugely
intriguing to explore deeper (Adamopoulos et al., 2001; Sjogren et al., 2010; Thomson

etal., 2012).

There is currently limited research into the effects of different modes and durations of

exercise on EF, with many currently only being able to postulate the mechanisms
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governing a change in EF (Hallmark et al., 2014). This creates inconsistency, which is
in part due to the intensity and duration of the exercise stimulus, the mode of exercise,
population studied, time of day for the exercise, and also post exercise evaluations
(Hallmark et al., 2014). Furthermore, the use of EMP to assess EF is still known as a
relatively novel area, but one gaining in reputation and profound interest (Yong, Koh &
Shim, 2013), making it an intriguing topic of research. The purpose of this thesis was to
profile the effect of acute and chronic exercise on the endothelial stress response in
health and diseased populations, and predominantly to investigate the use of EMP as

biomarkers of EF.
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Chapter 2: Literature Review
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2.1 The endothelium

The healthy endothelium is a monolayer of relatively simple cells, but one of great
importance (Deanfield, Halcox, & Rabelink, 2007). The endothelium represents the
largest functional organ in the human body, weighing about 1 kg and covering up to
7000 m? of the surface area (Wolinsky, 1980) and it lines the vascular system, the
serous, heart chamber cavities, and lymph vessels (Malyszko, 2010). The extent of the
endothelium is remarkable, with a surface area of several square metres and
appreciatively ten trillion (10™) cells (Wolinsky, 1980). The endothelium is able to
respond to physical and chemical signals by the regulation of vascular tone, platelet
activity, maintenance of blood circulation, leukocyte adhesion, and angiogenesis,
therefore it may be said that the endothelium represents an interface between the
circulation elements and several of the systems in the body (Ghisi et al., 2010; Wagner
& Frenette, 2008). The endothelium is semi-permeable with regards to a role as a
barrier, and regulates the transfer of small and large molecules (Galley & Webster,
2004). Furthermore, the endothelium plays an important role in maintaining CV
homeostasis (Lovren & Verma, 2013; Widlansky et al., 2003). This CV homeostasis is
achieved by the secretion of endothelium derived relaxing and endothelium derived
contracting substances (Furchgott & Zawadzki, 1980; Verma & Anderson, 2002). The
key endothelium derived relaxing factor is nitric oxide (NO) which plays a crucial role
in the maintenance of vascular tone and reactivity (Moncada & Higgs, 1993). Furchgott
and Zawadzki (1980) were the first to demonstrate that NO was an endothelium derived
relaxing factor (Furchgott & Zawadzki, 1980). This observation came about through
chance, when this group elucidated the paradox that acetylcholine (ACh) was a
vasodilator in vivo in rabbit thoracic aorta (Furchgott & Zawadzki, 1980). NO is not

only the main determinant of basal vascular smooth muscle tone, but an inhibitor of
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coagulation, inflammation, and oxidative stress (Verma, Buchanan & Anderson, 2003).
Additionally to this, a diminished production or lack of availability of NO and/or an
imbalance of endothelium-derived relaxing and contracting factors have been associated

in ED (Lerman & Burnett, 1992).

2.1.1 Endothelial dysfunction (ED)

ED may be described as the inability of one’s artery to adequately dilate in response to
an appropriate endothelial stimulus (Moerland et al., 2012). ED indicates an imbalance
between endothelium-derived vasodilators and vasoconstrictors, abnormal inflammatory
cell endothelial interactions, and an increase in adhesion molecule expression, which all
collectively make up ED (Balciunas et al., 2009). Cell adhesion molecules are expressed
by the endothelium, and soluble isoforms of these molecules are found in the plasma,
thought to be as a result of shedding from cell surfaces as a result of endothelial damage
(Gearing & Newman, 1993; Marsh & Coombes, 2005). ED is commonly associated
with the development of a wide variety of CV diseases (CVD), such as atherosclerosis
(Ross, 1999; Shimokawa, 1999), and measures of ED may offer prognostic information
with respect to vascular events (Verma & Anderson, 2002). Indeed, most CV risk
factors activate the endothelium that results in the expression of chemokines, cytokines,
and adhesion molecules (Tousoulis et al., 2003). ED is characterised by the endothelium
displaying a pro-atherogenic phenotype, meaning that it loses its pro-
inflammatory/oxidant/vasoconstrictor phenotype (Donato et al., 2009). Activation of the
inflammatory process after endothelial injury or stress then leads to the release of
primary pro-inflammatory cytokines such as tumour necrosis factor-o. (TNF-a)) (Donato

et al., 2009). These cytokines then activate endothelial cells with the release of adhesion
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molecules that in turn lead to local recruitment of circulating inflammatory cells
(Balciunas et al., 2009). Cytokines like TNF-o stimulate the synthesis of endothelial
adhesion molecules from endothelial cells, such as CD106, intracellular adhesion
molecule-1 (ICAM-1), and selectins (E- and P-; CD62E and CDG62P respectively)
(Pearson et al., 2003; Verma & Anderson, 2002) which are referred to in greater detail
in section 2.2.6 and 2.2.7. Soluble forms of these molecules that are released from the
endothelial cell surface can be useful in assessing and indicating ED, and have been
shown to be effective markers of diseases prone to ED such as T2DM (Cui & Song,

2009).

2.1.2 Coagulation in ED

Endothelial damage results in the rapid adhesion of platelets at the site of injury, as well
as in the activation of the coagulation cascade (Bartzeliotou et al., 2007; Stenina, 2003).
ED may alter its ability to participate adequately in both coagulation and fibrinolysis,
which may lead to arterial thrombosis (Strukova, 2006). Thrombomodulin (TM) is a
biologically active molecule with anti-coagulant activity, which may be released from
injured/activated endothelial cells (Dohi et al., 2003; Bartzeliotou et al., 2007; Salomaa
& Wu, 1999; Wang et al., 2006). Plasma levels of TM have been shown to be elevated
in disease states, such as women with PCOS, who show excess production of
testosterone and increased adiposity, when compared with age and BMI (body mass
index) matched control women (Oral et al., 2009). This study shows that testosterone
and increased adiposity does in fact appear to increase levels of TM, indicating that
those with increasing risk of ED have increased TM levels. Levels of TM were recently
shown to be affected by exercise in a study by Bartzeliotou et al (2007) who looked at
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the effects of a “Spartathlon” race in healthy, well trained individuals. TM was
measured in this study, and its levels were significantly elevated at the end of the race
compared to resting levels (Bartzeliotou et al., 2007). These increased levels of TM
following endothelial damage are speculated to be coming from NO damaged
endothelial cells that may constitutively have a higher expression of TM, possibly
acting in a protective manner against thrombotic events (Salomaa et al., 1999).
Additionally, the returning levels of TM back to basal levels 48 hr post the event imply
that in healthy individuals, their endothelium is able to recover efficiently, reinforcing

the vasoprotective action of TM.

2.1.3 Assessment of EF

Prolonged and/or repeated exposure to cardiovascular risk factors has an exhaustive
effect on the endothelium, and can reverse the protective effect of the anti-inflammatory
systems within endothelial cells (Deanfield, Halcox, & Rabelink, 2007). This then leads
to a dysfunctional endothelium, with endothelial cells losing their integrity, progressing
to their detachment into the circulation (Woywodt et al., 2002). Table 1 refers to the
more common methods of analysing EF, and with it their various advantages and
disadvantages. As seen in Table 1, the more ‘gold standard’ techniques tend to be
invasive by nature, meaning that participation compliance is affected. Added to this,
techniques such as coronary epicardial vasoreactivity are expensive, and also
challenging to measure unless well trained. One advantage of the EndoPAT device is

that it is very easy to perform and is non-invasive, but it is relatively expensive.
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Table 2.1 The most common methods for the evaluation

advantages and disadvantages.

of EF and their

Technique

Vascular bed

Advantages

Disadvantages

Coronary epicardial
vasoreactivity

Venous occlusion
plethysmography
(changes in forearm
blood flow)

Coronary
microvascular
function-Doppler
wires

Ultrasound FMD

EndoPAT

-Epicardial
macrovascular
-Conduit
arteries

-Forearm
vasculature
-Micro-
vasculature

Coronary
microvascular
Resistance
arteries

-Brachial artery
-Conduit artery

-Finger
-Micro-
vascular

-Gold standard
-Assessment directly
in the coronary
vascular bed

-Easy access
-Vasoactive substances
infused to generate a
dose-response
relationship
-Contralateral arm as a
control

-Assessed directly in
the coronary
microvasculature

-Non-invasive
-Easy access
-Correlation with
invasive epicardial
vascular function
-Many outcome
studies
-Inexpensive

-Non-invasive

-Easy to perform
-Automated

-Low inter- and intra-
observer variability
-Correlation with
invasive microvascular
vascular function

-Invasive
-Expensive
-Time invasive
-Limited to those
undergoing
coronary
angiography
-Challenging for
serial
measurements
-Invasive
(cannulation of the
brachial artery)
-Time consuming

-Invasive
-Expensive
-Limited to those
undergoing
coronary
angiography
-Time intensive

-Requires
experienced
performers
-Need for
standardisation

-Expensive after
single use of finger
probes

-PAT signal
influenced by non
endothelial
variables

FMD = Flow-mediated dilation; PAT = Peripheral Arterial Tone

35



2.1.4 Flow-Mediated Dilation (FMD)

Flow-mediated dilation (FMD) is an endothelium-dependent process that reflects the
relaxation of a conduit artery when there is exposure to an increase in blood flow, and
therefore shear stress (Moens et al., 2005). Celermajer and colleagues (1992) first
described the most popular technique for assessing FMD in humans (Celermajer et al.,
1992). This study demonstrated that by increasing blood flow through a superficial
conduit artery would induce flow-dependent dilation that could be measured by a non-
invasive technique using high-resolution ultrasound. The degree of dilation would then
indicate the level of functional integrity of the endothelium. Blood flow was increased
in the BA after release of a forearm cuff that had been inflated for 5 min. FMD is
usually assessed through large peripheral conduit arteries (brachial, radial and femoral)
(Stout, 2009; Takase et al., 1998). The goal of using FMD is basically to create a shear
stress stimulus that produces a NO-dependent response so that FMD can be used as
direct marker of NO bioavailability (Stout, 2009). In simple terms, a small-FMD
response indicates a low NO bio-availability and a possible risk of CVD (Pyke &
Tschakovsky, 2005). FMD is operation dependent, but in the best hands the
reproducibility can be very good, with a coefficient of variation of less than 2%
(Sorensen et al., 1995). This technique is very well used throughout the world and is
appealing due to its non-invasive and safe nature, and it can be performed with standard
ultrasound and Doppler equipment (Swampillai et al., 2005). There are however several
factors that affect dilation, such as differing cuff positions (Doshi et al., 2001). Studies
have used the wrist, forearm or upper arm, which is problematic due to dilation varying
with different cuff positions (Swampillai et al., 2005). The measure of FMD is
technically demanding, requiring specific training, and it is sensitive to factors that may

influence vascular function transiently, without having a great importance on long term
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CV risk (Celermajer et al., 2008). For example, FMD may be acutely lowered by an
inter-current viral illness, it may be impaired after a meal, and varies in a circadian
pattern (Celermajer et al., 2008). Finally, given that FMD is measured at one arm only,
there are no opportunities to correct for any possible measurement-induced changes in
the systematic haemodynamic, such as those resulting in the autonomous nervous
system tone (Moerland et al., 2012). It is important to note the differences between
endothelial dependent and endothelial independent FMD. Endothelial dependent FMD
Is created when shear stress occurs within an artery, causing the vascular endothelium to
produce NO in order to facilitate arterial dilation (Stout, 2009). On the other hand,
endothelial-independent dilation occurs through an NO donor, such as glycerine
trinitrate, and so this process is dilation without the production of NO from the

endothelial cells (Stout, 2009).

2.1.5 EndoPAT

The EndoPAT device uses a non-invasive measure of vasoreactivity without having to
use ultrasound measurements (Moerland et al., 2012). The EndoPAT works by
detecting plethysmographic pressure changes in the finger tips caused by the arterial
pulse, and then this is translated to a peripheral arterial tone (PAT) (Kuvin et al., 2003;
Moerland et al., 2012). This device is easy to use, not operator-dependent, and has
comprehensive automatic analysis. The EndoPAT was devised in an attempt to rectify
issues with FMD, such as the fact FMD is operator dependent (Vogel, Corretti &
Plotnick, 2000). However, there is only limited data on the performance of the
EndoPAT for repeated measurements over a relatively short period of time (Moerland et

al., 2012). There have however been several studies that have shown a correlation
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between the ‘EndoScore’ or RHI and multiple CV risk factors, such as T2DM and
cholesterol (Hamburg et al., 2008a; Kuvin et al., 2003). Several studies have also shown
an improvement in EF as assessed by the EndoPAT as a result of lifestyle modification
(smoking cessation and dietary change) (Aversa et al., 2008; Barringer, Hatcher, &

Sasser, 2011).

2.2 Microparticles (MP)

The presence of sub-cellular procoagulant particles in highly centrifuged plasma has
been known for many years (Boulanger, Amabile, & Tedgui, 2006). The first depiction
of these vesicles was made back in 1967, with the reports of a ‘platelet dust’ (platelet
membrane fragments) being present in human plasma, and these were capable of
facilitating thrombin generation in the same way as intact platelets (Wolf, 1967). After a
more precise description on their origin, composition and function, these vesicles were
termed MP, which have been studied more extensively over the past decade (Boulanger
& Dignat-George, 2011). MP are sub-micron membrane vesicles that are shed almost
spontaneously from the plasma membrane blebs of virtually all cell types under normal
homeostasis (Azevedo, 2012; Freyssinet, 2003) and under a number of stressful
conditions (Freyssinet, 2003; Shantsila, Kamphuisen, & Lip, 2010). Such sealed
fragments typically range in size from 0.1 to 1.0 um (Brodsky et al., 2004; Dignat-
George & Boulanger, 2011; Piccin, Murphy, & Smith, 2007) (Fig 2.1), and are
irregularly shaped, consisting of a cell-derived vesicle that is formed from the outward
blebbing of the plasma membrane and successive shedding unto the extracellular space
(Boulanger, 2010). MP contain cell surface proteins and cytoplasmic components of the

cells of their parental origin (Combes et al., 1999; Zwaal & Schroit, 1997) and although
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they may be released from almost all cell types, most investigators have focused more
specifically on MP from platelets (PMP), leucocytes, vascular smooth muscle cells and
endothelial cells (Roos et al., 2010). Despite having this long connotation of being
somewhat insignificant as ‘platelet dust’, MP have been shown to reflect importance in
both in vitro and in vivo studies. They are able to testify to cellular activation occurring
in vivo under a variety of pathophysiological conditions, as well as in ‘healthy’

individuals (Berckmans et al., 2001; Freyssinet, 2003).

b

Fig 2.1 Electron microscopy of circulating MP from patients with acute coronary

syndrome (From: Boulanger, Amabile & Tedgui, 2006).

2.2.1 MP formation and release

MP formation is a tightly regulated process that occurs in different types of cells, and

their composition depends on the stimulus that is applied (Montoro-Garcia et al., 2011).
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The generation and shedding of MP occurs through biological processes of some
variety, including not only cellular activation following a stimulus of pro-inflammatory,
pro-thrombotic or pro-apoptotic substances, or exposure to high shear stress, but also
from cellular differentiation or apoptotic cell breakdown (Horstman & Ahn, 1999). It is
true that the precise determinants of activated induced MP formation are not yet known,
however cytoskeletal reorganisation and alterations in phospholipid symmetry are
essential to their formation (Burger et al., 2013). The formation of MP involves the
outward blebbing the plasma membrane (Azevedo, 2012; Morel et al., 2011). The
activation of a MP producing cell is accompanied by changes in specific membrane
appearances, such as phosphatidylserine (PS) (Montoro-Garcia et al., 2011), as well as
cytoskeleton disruption and changes in the local concentration of certain intracellular
molecules, all of which result in the budding of vesicles that will become MPs

(Montoro-Garcia et al., 2011) (Fig 2.2).

The release of MP was first described by George et al. (1982) originating from platelets
after they were activated by different stimuli, such as thrombin, collagen, and shear
stress (George et al., 1982). Since then, there have been numerous studies, both in vitro
and in vivo, investigating the release of such vesicles from activated and/or apoptotic
cells, and their presence in human plasma is eagerly sought after as they are known to
correlate with EF (Chrismas et al., 2010; Madden et al., 2010; Vince et al., 2009a;b).
The budding of the plasma membrane is driven by cell activation and apoptosis, leading
to the release of MP (Montoro-Garcia et al., 2011). It is generally agreed that the plasma
membrane is the first structure to be involved in the generation of MP; however, these
studies are usually regarding PMP formation (Azevedo, 2012; Montoro-Garcia et al.,
2011). Under normal conditions, each of the two leaflets of the membrane bilayer has a
specific lipid composition and are known to display an asymmetric distribution of
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phospholipids The distribution of these lipids in the membrane is not a fixed process,
but active and a tightly regulated energy-dependent process whose equilibrium is
governed by three major players; an inward-directed pump, referred to as flippase, an
outward-directed pump, known as floppase, and a lipid scramblase that promotes
unspecific bidirectional redistribution across the bilayer (Bevers et al., 1999; Hugel et
al., 2005; Morel et al., 2011; van Meer, Voelker, & Feigenson, 2008). Following a
significant and sustained increase in cytosolic Ca**, a collapse of the membrane
asymmetry by stimulation of scramblase and floppase may occur, and at the same time
an inhibition of flippase (Freyssinet & Toti, 2010). The most important change in lipid
distribution is the exposure of PS on the surface followed by MP release made possible
after cytoskeleton degradation by Ca®* dependent proteolysis and an imbalance in the
phospholipid transient mass between the 2 leaflets (Freyssinet & Toti, 2010).
Altogether, these aforementioned events lead to plasma membrane budding, formation
of membrane blebs and consequently MP release into the extracellular fluid. Of note,
there is a suggestion that the MP formed during cellular activation phenotypically and
quantitatively differ from those MP that are released through apoptosis from the same
cell type (Mause & Weber, 2010). For example, CD62E and CD106 are more markedly
expressed on EMP released upon activation (Gelderman & Simak, 2008; Jimenez et al.,
2003; Vince et al., 2009a;b) and CD105 is expressed on vascular endothelial cells

(Gelderman & Simak, 2008).
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Fig 2.2 The plasma membrane response to cell stimulation leading to MP release. Adapted from Hugel et al (2005).



2.2.2 Role of MP

It would be reasonable to assume that MP are ‘bad’ in nature due to the deleterious
potential associated with them, but a debate is arising that they may indeed be viewed as
‘good’ (Freyssinet, 2003). ‘Good” MP may be those that fulfil a function in general
homeostasis (Freyssinet, 2003). This may be illustrated in haemophilia for example,
where MP levels are higher than normal, and can be elevated in the case of acute
bleeding (Freyssinet, 2003; Proulle et al., 2004), which reflects a permanent
mobilisation of the haemostatic system, but importantly without the threat of any
thrombosis due to insufficient thrombin being formed (Proulle et al., 2004). Due to their
procoagulant state, MP could be used to improve platelet function when it is impaired,
for example in diseases such as thrombocytopenia, where high MP levels appear
protective (Hugel et al., 1999; Jy et al., 1992). The common assumption that MP are
always formed under deleterious circumstances is perhaps an oversimplification (Curtis
et al., 2013). MP can hijack functional receptors, proteins, bioactive lipids and genetic
material from their parental cell of which they originate, but they are also active sensors,
communicators and effectors of the intercellular environment (Curtis et al., 2013). More
recently, MP have been gaining profound interest as messengers of biological
information having once been considered inert cell debris (Mause & Weber, 2010;
Thery, Ostrowski & Segura, 2009). MP have been rationalised as vehicles for the
intercellular exchange of biological signals and information (Thery, Ostrowski, &
Segura, 2009). There is thought to be two main mechanisms by which MP mediate
intercellular signalling of biological information (Mause & Weber, 2010). Firstly, MP
may act as circulating signalling modules that affect cellular properties by activation of

receptors on the target cell via the presentation of membrane-associated, bioactive



molecules (Mause & Weber, 2010). Secondly, MP may mediate signalling by direct
transformation of their content including proteins or RNA to the recipient cell, which
possibly leads to cell activation and reprogramming of cell function (Mause & Weber,
2010). Interestingly, due to the fact that MP are found not only in the areas around
activated parental cells but also readily circulate in the vasculature, both of the previous
mechanisms not only allow signalling to neighbouring cells but also at remarkable
distances from the donor cell origin (Mause & Weber, 2010). This allows for MP to
communicate specific properties and information amongst cells rapidly and processes
such as immune-regulation and the maintenance of homeostasis can be more efficiently

managed ((Mause & Weber, 2010; Smalheiser, 2009).

2.2.3 Detection of MP

The most widely used approach for MP detection is flow cytometry (FC) (Piccin,
Murphy & Smith, 2007; Ross, 2011). FC examines the fluorescent and light scattering
properties of cells and particles in suspension when passed through a stream of fluid
(Lacroix et al., 2010). A sample is analysed cytometrically where a laser detects
immunofluorescence that is emitted by fluorescent tags on specific antibodies that are
attached to antigens on the cells, or in this case MPs (Kim & Ligler, 2010). This
procedure produces quantifiable phenomenon called side scatter (SSC) and forward
scatter (FSC) (Abcam, no date). SS represents the granularity of the cells or particles,
and FSC indicates the particle size (Abcam, no date). FC can be performed with a high
number of events in a very short time period (Jy et al., 2004). There is however a
lacking uniform method to enumerate EMP and there is an issue regarding EMP size as

it is near the detection limit of most flow cytometers (Chandler, Yeung & Tait, 2011;
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Lacroix et al., 2012). There is also no agreement between laboratories on the pre-
analytical preparation of plasma samples, making comparisons between studies very
difficult (Enjeti, Lincz, & Seldon, 2007; Jy et al., 2004; Lekakis et al., 2011; van lerssel
et al., 2010). Several factors have actually been shown to affect the FC recovery of MP
including centrifugation technique, storage time and temperature, needle bore size and
anticoagulant used (Kim et al., 2002; Lekakis et al., 2011; Shah et al., 2008; van lerssel
et al., 2010). A recent study aimed at analysing the impact of centrifugation and storage
on EMP expression (van lerssel et al., 2010). CD31+(PECAM-1; Platelet endothelial
cell adhesion molecule-1) CD42b-, CD62E+, CD144+ (VE-Cadherin) and
CD144+CD105+ MP were assessed as specific EMP markers. Several different
variables were altered during testing, such as storage methods and centrifugation, and
the main finding from this study was that freezing at -80 °C increased CD62E+ and
CD31+CD42b- MP counts and lowered CD144+ MP, whereas storage at 4°C did not
affect EMP quantification (van lerssel et al., 2010). However, these results do point
towards a change in EMP quantification as a result of altered pre analytical treatment of

samples can affect MP quantification.

2.2.4 Endothelial microparticles (EMP)

MP originating from endothelial cells (EMP) may represent a small percentage of the
overall pool of plasma MP, but it is becoming more and more apparent that circulating
levels of EMP constitute an emerging surrogate marker of ED (Lekakis et al., 2011;
Vince et al., 2009b). EMP result from the endothelial plasma membrane blebbing and
cell surface protein expression allows for the detection of EMP using markers such as,
CD105, CD106 and CD62E (Chironi et al., 2009; Shet, 2008) (Fig 2.3). EMP present a

45



whole host of diverse molecules on their surface, with functions encompassing
coagulation, cell survival, inflammation, enhanced oxidative stress, adhesion,
proteolysis, remodelling, angiogenesis and tumour growth (Dignat-George &
Boulanger, 2011). It should be of great importance to develop strategies that combine
multiple endothelial markers in order to exclude any possible contaminating
subpopulations, thus leading to a more accurate assessment of the endothelial origin of
MP in biological fluids (Dignat-George & Boulanger, 2011). The first study
investigating the generation of EMP was carried out by Combes et al (1999) who used
human umbilical vein endothelial cells (HUVECs) that were stimulated by TNF-a
(Combes et al., 1999). This study included healthy individuals as well as patients with
lupus anticoagulant who present a pro-thrombotic coagulation abnormality. Results
showed that following TNF-stimulation, EMP were detectable in normal human blood,
as well as an increase of EMP in patients with a coagulation abnormality (Combes et al.,
1999). It is worthy to note that EMP can also be released through other non-apoptotic
stimuli, such as with mediators like pro-inflammatory cytokines, activated platelets or
oxidised low density lipoproteins postulated to promote EMP (Leroyer, Tedgui, &
Boulanger, 2008). Once released into the circulation, EMP can then exert functional
effects on target cells through surface membrane interactions (Curtis et al., 2013). The
in vivo stimulation of EMP remains relatively untested and thus is an area that appeals

to researchers and an aim of this thesis.
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Fig 2.3 Phenotype of cellular biomarkers of endothelial health using EMP. CD144
(VE-Cadherin); CD62E; CD146 (melanoma cell adhesion molecule); CD51
(integrin-aV); CD31 (platelet endothelial cell adhesion molecule); CD105; CD106;
CDA42 (glycol-protein 1b). Representation adapted from (Chironi et al., 2009; Shet,
2008; Sossdorf et al., 2011).

2.2.5 EMP in healthy conditions

MP are not assessed as often in health compared with disease states, due to the common
characteristics and related risk factors of ED in many diseases (Freyssinet, 2003). The
few studies that have evaluated the half-life of MP suggest that they are cleared rapidly

following introduction into the circulation (Flaumenhaft, 2006; Rand et al., 2006).
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These findings suggest that MP would have to be constantly shed from their source into
the circulation of healthy individuals in order to produce the concentrations seen of MP
circulating in the plasma of health individuals (ltaliano, Mairuhu, & Flaumenhaft,
2010). Detectable levels of MP originating from different cells, including endothelial
cells, are known to circulate in the plasma of healthy subjects (Dignat-George &
Boulanger, 2011; Freyssinet, 2003, Vince et al., 2009a;b). Homeostasis results from a
balance between cell proliferation and degenerescence (Freyssinet et al., 1999). Cells
undergo differentiation, they expand, fulfil particular functions and then follow a
process of programmed death and are finally cleared by phagocytosis (Hugel et al.,
2005). It is when the cell is subjected to a variety of stimuli at each stage of its life that
the release of MP occurs (Hugel et al., 2005). Vessel homeostasis is ensured in normal
conditions, assuming one is ‘healthy’, through anti-inflammatory, anti-thrombotic and
anti-atherogenic properties of the intact endothelial cell monolayer (Chironi et al.,
2009). The presence of EMP in plasma reflects an active balance between EMP
generation and clearance, but these respective offerings to the circulating levels have
not been extensively looked at, perhaps down to the lack of knowledge regarding MP
clearance (Dignat-George & Boulanger, 2011; Piccin, Murphy & Smith, 2007). EMP
and their changing levels may carry important information in healthy participants as
well as those with pathological disorders (Chironi et al., 2009), and warrants further

investigation.

2.2.6 CD106

CD106 (commonly referred to as VCAM-1) is a 90-110 kDa trans-membrane
glycoprotein that is a member of the immuno-globulin super-family and it is expressed

48



on activated endothelial cells (Carlos et al., 1990). CD106 has a role of regulating the
adhesion of monocytes, lymphocytes, and eosinophils to endothelial cells activated by
lipopolysaccharide, interleukin-1 (IL-1) or TNF-a (Golias et al., 2007). The expression
of CD106 has been shown to be promoted by cytokines produced in the tissue such as
inflammatory molecules TNF-a, shear stress, high levels of reactive oxygen species
(ROS) and high glucose (Carter & Wicks, 2001; Kato et al., 2005). CD106 has been
advocated in the pathogenesis of various diseases, in atherosclerosis for example,
CD106 is the first adhesion molecule to be expressed before the atherosclerotic plaque

development (liyama et al., 1999).

CD106 is known to be in the plasma in a soluble form (sCD106) and is used as a
predictor of diseases, and levels of SCD106 have been found to increase with activation
of the endothelium in diseases such as TIDM (Clausen et al., 2000) and atherosclerosis
(Peter et al., 1999). CD106 has been commonly used as a marker of ED, particularly in
healthy individuals when subjected to stress through exercise (Table 2.2). CD106 tends
to be used most exclusively as a marker of ED in exercise trials through its soluble
form, but there are instances of its expression as CD106+ MP across exercise trials

(Chaar et al., 2011; Vince et al., 2009a;b).

2.2.7 CD105

CD105 (commonly referred to as endoglin) is a 180 kDa transmembrane glycoprotein
which is constitutively phosphorylated, with a marked tissue specificity (Blasquez-

Medela et al., 2010; Burrows et al., 1995). Supporting this concept, CD105 is
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predominantly expressed on activated endothelial cells (Miller et al., 1999) and elevated
levels of CD105 expression have been detected on human micro-vascular endothelium
(Wong et al., 2000) as well as on vascular endothelial cells in tissues that are
undergoing active angiogenesis (Miller et al., 1999). In fact, the importance of the role
of CD105 as a promoter of angiogenesis can be characterised by various studies
showing that mice lacking CD105 die during embryonic development because of
defective angiogenesis (Arthur et al., 2000; Bourdeau, Dumont, & Letarte, 1999; Li et
al., 1999). CD105 expression is primarily restricted to cells in the vessel wall, including
endothelial cells and monocytes, as well as on mesenchymal tissue from the
endocardium, including fibroblasts and vascular smooth muscle cells (Bernabeau,
Conley & Vary, 2007; Bourdeau, Dumont & Letarte, 1999; Kapur, Morine, & Letarte,

2013).

It has previously been shown that CD105 plays a role in many pathological processes,
such as cancer angiogenesis (Perez-Gomez et al., 2010), as well as metabolic and CVD,
including preeclampsia (De Vivo et al., 2008), hypertension and T2DM (Blazquez-
Medela et al., 2010; Lopez-Novoa & Bernabeu, 2010). Interestingly, CD105 expression
has been increased in vessels during certain pathological situations, such as hypoxia or
vascular injury (Chrismas et al., 2010; Madden et al., 2010; Nachtigal et al., 2012).
Recently, using a simulated dive in 5 healthy males, it was shown that CD105+ MP
were seen to increase post-decompression after breathing in air compared to those
breathing in oxygen (O;) (Madden et al.,, 2010). Considering that CD105 is a
constitutive endothelial marker, and the observation that CD105+ MP only altered in
their quantified number, this finding suggests that the increase post-decompression is
due to endothelial damage and not a physiological change resulting in MP release
(Madden et al., 2010). Another recent study (Chrismas et al., 2010) looked at diving in
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5 healthy males, where subjects performed both a control dive and one with an anti-
oxidant (AOX) pill separated by 2 weeks. It was found that CD105+ MP were
significantly increased from pre dive and at depth to immediately post dive in the
control group. This study showed that CD105+ MP release may be attenuated by AOX
administration, and further strengthened the notion that a significant rise in CD105+ MP

post-dive in controls is associated with a decline in EF.

2.8 Exercise and EF

Considering that this thesis wishes to assess the endothelial response to exercise,
particularly on the EMP response, it is important to review the literature on existing data
in this field. Table 2 consists of a summary of the main studies that have been
conducted with respect to exercise trials that have measured EMP and/or circulating
markers of EF, concentrating on acute bouts of exercise in healthy individuals,
considering that this is a fundamental aim for the forthcoming experimental chapters. A
range of studies have assessed the concentrations of CD105+ MP (Chrismas et al.,
2010; Madden et al., 2010) and CD106+ MP (Vince et al., 2009b) following a series of
simulated SCUBA dives, proposed to induce ED. Significant increases in both EMP
markers was observed in all 3 of the aforementioned studies post dive in specific
groups. Vince et al (2009b) found that CD106+ MP was significantly elevated 1 hr post
air dive conmpared to the control (breathing O,). In comparison to these findings,
another marker of EF, CD105+ MP also increased post SCUBA dive in two separate
studies, again in healthy males participants, suggesting a reliable use of CD105+ MP
and CD106+ MP across studies using similar populations (Chrismas et al., 2010;

Madden et al., 2010). A recent study looked at assessing the MP response to acute
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exercise following strenuous cycling exercise (Chaar et al., 2011). Although this group
performed 3 successive maximal exercise tests in healthy male participants, they failed
to detect any changes in MP production from endothelial cells as characterised by
undetectable levels of CD106+ MP. Additionally to this, plasma levels of SCD106 were
unchanged as a result of exercise. In contrast to these findings, exercise was sufficient
enough to see significant increases in CD62E+ MP as assessed by FC, in healthy male
participants who conducted a steady state (80% of their individual anaerobic threshold;
IAT) 90 min cycling exercise (Sossdorf et al., 2011). This study speculated that shear
stress mechanisms played an important role in the release of MP, as assessed by blood
pressure (BP) and HR throughout exercise. This speculation is consistent with others
recently (Jee & Jin, 2012) who have also found a correlation with running speed and the
release of sCD106, suggesting an intensity dependent mechanism in the release of
endothelial adhesion molecules. Jee and Jin (2012) assessed 24 male marathon runners,
who had a mean age of 49.5 years which is a lot higher than other studies, as studies in
this area tended to use younger participants in their 20’s (Chrismas et al., 2010;
Sossdorf et al., 2010; 2011; Vince et al., 2009b). Recently, Jenkins et al (2013) showed
in vivo that disturbed blood flow acutely induces endothelial activation and apoptosis, as
reflected by an increase in the release of activated (CD62E) and apoptotic
(CD31+/CD42b) EMP measured by FC. Ten healthy male participants were studied and
cuff inflation occurred on the one arm, while the other arm was used as a control arm
for a period of 20 min. Relative to baseline, CD62E+ MP increased by approximately 3
fold at 10 min, and approximately 4 fold at 20 min in the experimental arm.
CD31+/CD42b- + MP were elevated almost 9 fold compared to rest (0 min) at the 20
min time point. Further to this, there was no change in either of the EMP concentrations

in the contralateral arm exposed to normal resting blood flow. This study provides data
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of an in vivo experiment of disturbed blood flow inducing endothelial damage in healthy

humans.

The studies discussed thus far in this section have been acute exercise lasting no more
than 90 min in duration and have been high intensity in nature (Sossdorf et al., 2011).
The ‘spartathlon’ is a gruelling, 246 km foot race, and it was during this event that
Bartzeliotou et al (2007) investigated the levels of adhesion molecules. Soluble forms of
CD106 and CD62E were assessed and both sCD106 and sCD62E were significantly
greater at the end of this 246 km race, with levels returning to normal 48 hr after the end
of the race (Bartzeliotou et al., 2007). Similarly to this study, Jee and Jin (2012)
assessed 24 males participating in a 308 km ultra-marathon. This exercise was evidently
longer in duration that Bartzeliotou et al (2007), but this study incorporated blood
sampling during exercise itself. Subsequently, significant increases of sCD106 and
sCD62E were observed at 100 km. intriguingly, sCD106 was correlated with running
speed, suggesting an intensity dependent relationship with endothelial molecules.
Additionally, Jee and Jin (2012) assessed 24 male marathon runners, who had a mean
age of 49.5 years which is a lot higher than other studies, as studies in this area tended
to use younger participants in their 20’s (Chrismas et al., 2010; Sossdorf et al., 2010;
2011; Vince et al., 2009b). the studies discussed during this section indicate that the
endothelium is highly affected by exercise of a strenuous or prolonged nature, and this
is finding backed up by studies using different assessment techniques in healthy
participants such as FMD (Hwang et al., 2012; Ramirez-Velez, Aguilar & Ramirez,

2010).
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The reasons for such correlating relationship between the endothelial adhesion
molecules and exercise intensity are speculated to be multifactorial. Although exercise
related stress has been shown to build a protection against diseases such as
atherosclerosis, stress from exercise can lead to negative consequences (Marsh &
Coombes, 2005), such as increased heat production, HR, leukocyte count, shear stress
along with stress hormones for the release of leukocytes and systemic inflammation
(Suzuki et al., 1999). Shear stress during exercise is increased due to the increased O,
demand in working muscles and with it an increase in haemodynamic values such as BP
and cardiac output (Jee & Jin, 2012). An increase in exercise intensity also stimulates an
increase in resistance or laminar shear force exerted by circulating blood upon the blood
vessel walls (Marsh & Coombes, 2005; Stewart et al., 2004), which has been speculated
to increase the activation of endothelial adhesion molecules and thus may be the reason
for the increases in EMP witnessed post strenuous exercise (Chaar et al., 2011; Sossdorf

etal., 2011; Vince et al., 209b).

This section highlights that there is a sufficient lack of consistent data available in this
area, but it is one of high promise. The possibility of shear stress and exercise intensity
affecting levels of + EMP seems plausible and requires greater understanding.
Additionally, more studies using EMP as markers of EF after acute exercise are needed
in this area, and so this thesis aims to add to existing literature and strengthen the use of

CD105+ MP and CD106+ MP.
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Table 2.2 Summary of exercise trials measuring EMP as a marker of EF

Author Sample size Subject Exercise protocol Endothelial function Findings Limitations
characteristics measures (detection)
Jenkins et al 10 healthy Means + SD; 2 pneumatic cuffs on Plasma EMP CDG62E 1 at 10 and -small sample size
(2013) males 29 + 1 years experimental arm (a- (CD62E, 20 min vs baseline  -brachial artery
176 £1cm distal cuff inflated CD31+/CD42b-) by in experimental FMD to compare
83 + 2 kg 220mmHg;b-proximal FC arm. would have been
cuff inflated to 40 CD31+/CD42b- 1  useful -
mmHg) Controls — a- at 20 min vs rest.  correlation
simultaneous blood No changes in
flow; b-no cuffs controls
Jee & Jin, 24 healthy Means; 308 km ultra marathon Plasma TNF-a, 1 sCD106, CD62E, -continuous
(2012) males 49.5 years sCD106, sCD62E Plasma TNF-a measures of
168 cm (ELISA) sCD106 correlated haemodynamic
65.5 kg with exercise values
intensity
(Chaar et al., 7 healthy Mean £ SD; 3 maximal ramp tests  Plasma for assays of Undetectable -pre-analytical
2011) males 19.8+04 interspersed with 10  sCD106, sICAM-1, quantity of EMP  methodology-
years min recovery on cycle sL-selectin and enumerated MPs
1789+ 20 ergometer — fixed at sCD62P (ELISA). that were positive
cm 70 RPM CD106+ MP (FC) for annexin V
749+ 19kg staining
-small sample size
-continuous
measures of
haemodynamic
values
-small sample size
(Sossdorf et 16 males (8 Untrained; 1to 2 weeks before ~ Plasma for assays of Exercise 1T HR, -pre-analytical
al., 2011) trained, 8 24.3+34 single exercise test, CD62E (FC) plasma lactate, methodology
untrained) years VOzpeax determined on SBP & DBP in (thawing, annexin
476 £ 3.9 cycle ergometer; both groups V used)



(Madden et 5 healthy
al., 2010) males
8
(Harrison et recreationally
al., 2009) active males
(Vince et al., 6 healthy
2009b) males

relative
VOZmax
Trained;
25.8+3.3
years
68.1+4.5
relative
VOZmax
n/a

269+4.1
years
46.8+4.9
VOZpeak
26.0+ 3.6
BMI

n/a

Test consisted of cycle
ergometer at 80% IAT
for 90 min

Dive breathing
compressed air (283
kPa; 18 msw) for 60
min bottom time; 1

week later same dive
but breathing 100% O,

Each subject
completed both trials
in randomised order.

Evening prior to
OFTT, either rested at
home or prolonged
exercise (7TORPM for
90-min at 70%
VOzpeakthen 10x1min
sprints with 1-min
recovery.
Simulated dive of 78
min bottom time at 2.8
ATA breathing a)
compressed air or b)
100% O, - 1 week later
simulated dive
breathing air, 1 week
later breathing O,
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EndoPAT and
plasma CD105 (FC),
CD62E & CD62P
(ELISA)

Plasma for assays of
CD31+/42b- for
EMP (FC).
Serum for assays of
sCD106 and
sICAM-1 (sandwich
ELISA)

Plasma used with
CD106 (FC)

EMP 1 45-min
after exercise from
rest values in
trained only

CD105+ MP 1 post
dive breathing air,
no significance
breathing O,

EMP (CD31+/42b-
) 1 postprandially
in both groups, no
difference between
groups.
No change in
sCD106 or
SICAM-1

CD106 1 post
compressed air
dive, no change

breathing O,

CD106 positively
correlated with
TBARS

-small sample size

-pre analytical
methodology
(frozen, ELISA)
-relatively small
sample size

-relatively small
sample size



(Vince et al., 8 healthy 18-24 years Breathing hypoxic air ~ Plasma for assay of CD106 1 post- -relatively small
2009a) males (15% O, air mix) for CD106 (FC) hypoxic breathing, sample size
80 min remained
significantly higher
5 hr after breathing

began
(Bartzeliotou 20 healthy Median age “Spartathlon” race —  Plasma for assays of 1 sCD106, SICAM- -not most specific
et al., 2007) males 43.2 years 246 km continuous  s-CD62E-, sCD62P- 1, sCD62E, s-TM  EF markers used
exercise . selectins (ELISA), post race.

sICAM-1, sCD106
(multiplex assay),
sTM (ELISA)

ATA = atmosphere; DBP = diastolic blood pressure; FC = flow cytometry; IAT = individual anaerobic threshold; OFTT = oral fat
tolerance tests; SBP = systolic blood pressure; sCD106 = soluble vascular cell adhesion molecule; sSCD62E = soluble E-selectin; sCD62P =
soluble P-selectin; SICAM-1 = soluble intra cellular adhesion molecule; sTM = soluble thrombomodulin; TBARS = thiobarbituric acid
reactivesubstances.
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2.9 Polycystic ovary syndrome

2.9.1 Overview

Initial descriptions of PCOS date back to the 18™ (Vallisneri, 1971) and 19" centuries
(Chereau, 1844) respectively. Later, the breakthrough in PCOS research was
investigated by Stein and Leventhal (1935), who were the first to report the link
between bilateral polycystic ovaries and clinical symptoms resulting in PCOS being
known as a multifaceted metabolic disease (Ehrmann, 2005; Lobo & Carmina, 2000;
Orio, Palomba, & Colao, 2006) defined by the presence of clinical or biochemical
indicators of androgen excess (e.g. elevated testosterone or hirsutism), menstrual
irregularity, and polycystic ovaries (Fig 2.4) (Ehrmann, 2005). PCOS gained attention
in research following this discovery, and in 1980, an association between PCOS and IR
was found (Burghen, Givens & Kitabchi, 1980). Fasting plasma insulin,
androstenedione and testosterone were found to be higher in obese PCOS women
compared to obese controls without the condition. Additionally, hyperinsulinaemia is

well correlated with hyperandrogenism (Burghen, Givens & Kitabchi, 1980).



Fig 2.4 Polycystic ovaries (B mode ultrasound, transvaginal route) as assessed on

ultrasound in both the left andright ovaries. Red outline highlights the ovarian
cysts. Adapted from (Balen et al., 2003).

2.9.2 Diagnosis of PCOS

Initially, the diagnosis of PCOS was provided by the National Institute of Health (NIH)
in 1990, which set out the following diagnostic criteria in order of importance: 1)
hyperandrogenism and/or hyperandrogenaemia, 2) oligomenorrhoea and/or anovulation
and 3) exclusion of other endocrine disorders, such as Cushing’s syndrome,

hyperprolactinaemia and congenital adrenal hyperplasia (Rotterdam, 2004). Then, in

59



2003, PCOS experts in a PCOS consensus workshop reassessed this previous criterion,
and this was known as the Rotterdam Criteria from 2003 (Rotterdam, 2004). This
criteria state that PCOS can be diagnosed after the exclusion of related disorders by the
presence of two out of the following features: 1) oligomenorrhoea or anovulation 2)
clinical and/or biochemical hyperandrogenism and 3) polycystic ovaries. When looking
at the original criteria (NIH, 1990), two new phenotypes have been added, one with
ovulatory dysfunction and polycystic ovaries with no hyperandrogenism, and the other
one with hyperandrogenism and polycystic ovaries but no ovulatory dysfunction. There
have been debates on the correct use of criteria, highlighting strengths and weaknesses
of each, but it should be noted that the Rotterdam criteria was used for this thesis in the

recruitment of PCOS women in chapter 8.

2.9.3 Prevalence of PCOS

PCOS is known to be the most common endocrine disorder affecting reproductive
women (Azziz et al., 2005; Diamanti-Kandarakis, 2008; Dunaif, 1997; Goodarzi et al.,
2011; March et al., 2010; Moro et al., 2009; Norman et al., 2007), with a prevalence of
6-10% reported when applying the NIH criteria, but this figure may increase up to as
much as 18% using the Rotterdam criteria (Harrison et al., 2011; March et al., 2010;

Rotterdam, 2004).
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2.9.4 Pathogenesis of PCOS

The primary etiology of PCOS itself remains unclear, with several key factors
postulated to contribute to its existence (Diamanti-Kandarakis, Christakou, &
Markinakis, 2012). Both environmental and genetic factors have been implicated
(Diamanti-Kandarakis, Christakou, & Markinakis, 2012), but the exact mechanism has
not yet been studied intensively. Polycystic ovaries develop when the ovaries are
stimulated to produce excessive amounts of male hormones (androgens), mainly
testosterone, either through the release of excessive luteinising hormone (LH) by the
anterior pituitary gland or through high levels of insulin in the blood
(hyperinsulinaemia) in women whose ovaries are sensitive to this stimulus (Phipps,
2001). Although androgen excess is considered by some to be the integral cause of
PCOS, only 80-85% of women who present with clinical hyperandrogenism have PCOS
(Azziz et al., 2009). During regular ovarian follicular development, primordial follicles
are recruited into a group of follicles that are growing, and from this group, one antral
follicle is selected to go on and ovulate (Goodarzi et al., 2011). This process requires
coordinated reproductive, metabolic and intra-ovarian interactions, which can be
disrupted in PCOS women. This disruption occurs due to the characteristics seen in
PCOS, namely ovarian hyperandrogenism, hyperinsulinaemia from IR, and altered
intra-ovarian paracrine signalling, thus affecting follicle growth, leading to polycystic
morphology (Goodarzi et al., 2011; Rotterdam, 2004). Existing evidence suggests that a
primary abnormality of the ovarian theca cells exists, which are the major source of
androgen production and secretion (GillingSmith et al., 1997) thus being impaired and
play a key role in the etiology. Importantly, lifestyle is known to be a key part of the
expression of PCOS. An increase in weight gain worsens the metabolic and

reproductive abnormalities seen in PCOS, evidenced by increased IR and abdominal
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obesity, menstrual irregularity and hyperandrogenism in women with the most severe of

PCOS forms (Carmina et al., 2005).

2.9.5 Abnormalities associated with PCOS

There is a metabolic-hormonal complexity that is very apparent in PCOS and represents
an interesting relationship between hormone pattern and cardiovascular risk profile
(Giallauria et al., 2008a; Hoffman & Ehrmann, 2008). Even at an early age, IR (Dunaif
et al., 1989; Ehrmann, 2005), impaired glucose metabolism (Legro et al., 1999),
hypertension (Chen et al., 2007), low-grade chronic inflammation (Kelly et al., 2001)
and dyslipidaemia are more common in PCOS, even after adjustment for obesity
(Sathyapalan & Atkin, 2012). It should also be noted that metabolic syndrome (MS)
plays a key role and should be considered in the evaluation and treatment of PCOS
(Dokras et al., 2005). MS may be defined as the presence of at least 3 of the following 5
conditions: abdominal obesity, defined by a WC of > 88 cm; serum triglycerides (TG)
150 mg/dL or greater; serum high density lipoprotein cholesterol (HDL-C) < 50 mg/dL,;
SBP/DBP of 130/85 mmHg or greater and serum fasting glucose 110 mg/dL or more
("Third Report of the National Cholesterol Education Program (NCEP) Expert Panel on
Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel I11) final report,” 2002). Women with PCOS clearly have an increased
risk of both impaired glucose tolerance and T2DM (Sathyapalan & Atkin, 2012), and it
has been reported that this risk is 3-7 fold higher overall, and 2-fold higher compared
with age and BMI matched women with normal cycles (Randeva et al., 2012). IR is
proposed to be a key pathophysiological feature of PCOS, contributing to both

reproductive and metabolic disturbances (Randeva et al., 2012). Furthermore, there is a
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known increased prevalence of mental health problems associated with PCOS, such as
depression, anxiety, binge eating disorders and low quality of life (Himelein &
Thatcher, 2006; Kerschner et al., 2009). A systematic review in 2012 expressed these
findings, with results indicating that the prevalence of anxiety symptoms is significantly

greater in PCOS women (20.4%) compared to controls (3.9%) (Dokras et al., 2012).

2.9.6 Obesity and PCOS

Obesity has increasingly become a worldwide public health concern of epidemic
proportions (Esposito et al., 2006). Obesity is associated with IR, glucose intolerance
and abnormal concentrations of lipids/lipoproteins which can lead to development of
T2DM (Chung et al., 2008). Although obesity prevalence in women with and without
PCOS has certainly increased in the last few decades, obesity per se may not be
intrinsic to PCOS, given that the degree of IR in PCOS is greater than that predicted by
the BMI, although it must be recognised that 40-50% of women with PCOS are not
obese (Azziz et al., 2009). Even though considerable evidence exists that suggests
obesity plays a negative role in the pathophysiology of PCOS (Diamanti-Kandarakis,
2008; Goodarzi et al., 2003; Yildiz, Knochenhauer, & Azziz, 2008) it remains unclear if
women with PCOS have a predisposition to obesity, or if obesity is a secondary factor
that worsens the condition (Hoeger & Oberfield, 2012). The difficulty with making the
relative contribution of obesity in PCOS is that obesity is not a defining feature of the
syndrome, due to the fact that PCOS is seen in both normal weight and obese women
(Ketel et al., 2008). However, there is tangible evidence that obesity, in particularly
abdominal obesity, worsens both the clinical and endocrine features of the syndrome

(Esposito et al., 2006; Sam, 2007). When compared with weight-matched healthy
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women, women with PCOS have a similar amount of total and trunk fat, but they have a
higher quantity of central abdominal fat (Carmina et al., 2007). This central fat is
associated with an increase in low-grade chronic inflammation and IR (Carmina et al.,
2007) and with a metabolic dysfunction in women with PCOS (Lord et al., 2006).
Excess visceral fat (VF) appears predictive not only of the MS, but also of CVD
(Grundy, 2002; Sowers, 1998). An increased quantity of VF has been found in PCOS
women and with it comes several complications such as EF and premature
atherosclerosis (Liu et al., 2005). The latter showed that a correlation exists between VF
and early signs of vascular damage and reduced FMD (Liu et al., 2005). Yildirim, Sabir
& Kaleli (2003) actually found that non obese women with PCOS had an increased
intra-abdominal fat accumulation that may contribute to the development of the
associated disorders (Yildirim, Sabir, & Kaleli, 2003). It was therefore the idea of this
thesis to test women from a range of BMI categories in order to test across the spectrum
of the disorder and to see how exercise would affect PCOS women that were lean and

obese.

2.9.7ED in PCOS

Women with PCOS also present with ED (Carmina et al., 2006; Diamanti-Kandarakis et
al., 2005; Paradisi et al., 2001). This is not surprising given that ED is strongly related
to IR (Kravariti et al., 2005; Moran et al.,, 2011; Tarkun et al., 2004) and
hyperandrogenism (Paradisi et al., 2001), both defining features of PCOS. Lowenstein
et al (2007) measured EF by the EndoPAT-2000 device by recording the finger arterial
pulse wave amplitude (PWA) to detect the PAT in 31 women with PCOS and 33

healthy controls without PCOS (Lowenstein et al., 2007). This study found that PCOS
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women had a significantly lower PAT hyperaemia ratio than controls did, which implies
that EF is adversely affected in women with PCOS. Therefore, the finding from this
study that women with PCOS suffer from ED, regardless of the mechanism, suggests
that these patients are at an increased risk for early onset of CVD (Orio et al., 2004,
Orio, Palomba, & Colao, 2006). The effects of PCOS on brachial artery FMD (BA-
FMD) is not consistent between studies, and BA-FMD has been shown to be lower
(Meyer, McGrath & Teede, 2005; Tarkun et al., 2004), but also it has been shown that
there were no changes compared to controls (Brinkworth et al., 2006; Mather et al.,
2000). A recent meta-analysis consisting of 21 published studies (PCOS n= 908;
controls n = 566), looked at the assessment of FMD in patients with and without PCOS
and found that there was a reduction in FMD in PCOS than in controls, but with high

heterogeneity between studies (Sprung et al., 2013b).

2.9.8 Exercise intervention on EF in PCOS

Despite the well-established positive effects of weight loss and exercise on IR,
hyperandrogenism and CVD risk markers in overweight women with PCOS (Giallauria
et al., 2008a; Moran et al., 2003; Palomba et al., 2010; Thomson et al., 2008; Vigorito et
al., 2007) there are limited data on the effect of exercise and/or diet on EF in women
with PCOS. Recently, Thomson et al (2012) assessed the effects of exercise and
lifestyle intervention on soluble endothelial adhesion molecules (sCD106, sSICAM-1 and
PAI-1; plasminogen activator inhibitor-1). This study actually used the frozen serum
samples from a previous study (Thomson et al., 2010). This study randomly divided
PCOS women into 1of 3 groups. One group received a structured diet only (DO,

approximately 6000 kJ/day energy restricted high protein meal plan (30% protein, 40%

65



as CHO and 30% fat), one group received the same diet but with the additional effects
of an aerobic exercise (DA, the above diet and 5 walking sessions/week) and diet and
combined aerobic-resistance exercise (DC, the above diet and 3 walking and 2 strength
training sessions/week). The intensity for aerobic exercise was progressed from 60-65%
HRmax to 45 min at 75-80% HRmax. Results showed a significant improvement for all 3
groups in the previously mentioned soluble adhesion markers. This present study
interestingly showed no differences between the groups, but it should be noted that
greater reductions in sCD106 appear to have occurred in the exercising groups
compared to the diet only group, suggesting greater benefits with exercise, although this
was not significant. Additionally, this trend was shown with significantly greater
improvements in cardiorespiratory fitness and total body fat mass in the exercise groups
compared to the diet only group, suggesting added benefits of exercise in a cohort of at
risk participants. Recently, Sprung et al (2013a) conducted a study that was highly
novel, aiming to assess EF in women with PCOS after a 16 week exercise intervention.
EF was assessed using BA-FMD in women with PCOS. Ten PCOS women underwent
supervised 30 min exercise 3 times a week at 30% heart rate reserve (HRR), which
progressed weekly based on HR responses (up to 60% HRR). Acting as the control
group, fellow women with PCOS received conventional care only, consisting of
lifestyle advice from clinical consultations prompting them to lose weight and increase
their physical activity levels. Various other assessments were measured during the
study, including cardiorespiratory fitness, visceral and abdominal subcutaneous adipose
tissue, glycaemic control, and lipid and hormone profiles. When comparing the 2 groups
after the 16 week intervention, BA-FMD and cardiorespiratory fitness improved from
pre to post exercise intervention in the exercising group only, suggesting that supervised
aerobic exercise in women with PCOS can enhance EF. This study suggests that EF

may be improved in this population, and considering the multifactorial issues present in
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PCOS, it seems fit to promote exercise. In a recent review, Harrison et al (2011)
highlighted just how limited exercise interventions are in PCOS, and were able to
pinpoint areas of concerns in the study designs of previous studies. A total of 8
manuscripts were identified, 5 of these were randomised controlled trials, and 3 were
cohort studies. Compliance was a huge concern in these studies, as it was found that
dropout rates were as high as 40-45% across 3 studies (Brown et al., 2009; Randeva et
al., 2002; Thomson et al., 2008). The major influence in high dropout were those of
longer study duration (20-24 weeks) and greater exercise sessions per week (4 to 7)
compared to other studies. This may have important implications, as various benefits
have been seen in relatively short duration studies, such as Sprung et al (2013a) who
only exercised for 16 weeks, 3 times a week. Furthermore, Vigorito et al (2007)
exercised PCOS women for just 12 weeks compared with a control group of PCOS
women. Significant improvements in cardiorespiratory fitness, BMI, CRP and insulin
sensitivity were witnessed after just 3 months of cycling 30 min x 3 times/week (60-

70% VO2max) compared with the control group.

PCOS is a prevalent disorder, underpinned by weight independent IR, coupled with
reproductive and CV issues (Harrison et al., 2011). Exercise does hold important
benefits for women with PCOS, such as BMI (Giallauria et al., 2008b; Stener-Victorin
et al., 2009), cardiorespiratory fitness (Vigorito et al., 2007) and metabolic and hormone
profiles (Palomba et al., 2008; Vigorito et al., 2007). Lifestyle modification, including
exercise, is the first line therapeutic approach to the treatment of PCOS (Wild et al.,

2010), but little data exists still, suggesting that more research is required in this area.
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Chapter 3: General Methodologies
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3.1 Recruitment and screening of participants

The Department of Sport, Health and Exercise Science research ethics committee at the
University of Hull approved all research protocols. All of the participants were recruited
through advertisement at the University, through local hospital staff and word of mouth,
as well as volunteers from staff and student email services at the University of Hull.
For the PCOS experimental chapter (chapter 8), PCOS patients were also recruited
through newspaper and e-bulletin advertisements and letters to the patients with the
condition who were seen at Hull and East Yorkshire Diabetes, Endocrinology and
Metabolism Clinic in the past 5 years. All of the participants recruited for this thesis
were aged between 18 and 40 years of age. Any volunteer suffering from an existing
medical condition that was defined as a contraindication to exercise or injury was
excluded from the test, as was any volunteer with a history of cardiovascular

complaints.

At each initial visit, participants were screened via a pre-exercise medical questionnaire
to highlight any contraindications to the test protocol and written informed consent was
provided following successful completion of the questionnaire. Prior to any
participation in exercise for any of the same day studies (chapters 4, 5, 6 and 7), each
participant was asked to refrain from any unaccustomed heavy exercise and alcohol
during the preceding 48 hr and, to consume only water on the day of testing. During
exercise session visits in chapter 8, fluid intake was permitted ad libitum. All trials
involving blood sampling were performed with the participant in a fasted state from the
night before, which began from the last meal the night before or 2200 hr, depending on

which came first.
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3.1.1 Data storage

All data was stored anonymously by using the participants’ initials and a personal
identification number that only the author was knowledgeable about. Electronic
participant information, including data and documentation was kept on a computer with
a University secured network that was password protected by the author. Study
documents (paper) were retained in a secure (locked when not in use) place in the
University of Hull that had no access by the public. Any remaining plasma samples
were stored at -80 °C Revco Ultima Il freezer (Kendro Laboratory Products, Bishops
Stortford, UK) in the Department of Sport, Health and Exercise Science at the

University of Hull that had no access to the public.

3.2 Anthropometric measurements

3.2.1 Blood pressure

SBP and diastolic blood pressures (DBP) were assessed using an Omron M6 Upper
Arm Blood Pressure Monitor (Omron Healthcare UK LTD, Milton Keynes, UK).
Participants were stationed on an adjustable chair so that their feet lay flat to the floor,
and sat to rest in a quiet room for 5 min. They were then instructed to rest their left arm
on the surface of the table with their palms facing upwards. The left arm was positioned
as closely as possible to heart height using the adjustable chair if needed. This
procedure was then repeated leaving a few min between each measurement until two

SBP readings fell within 5 mmHg of each other, and the mean of these results were
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used. A maximum number of 3 readings were taken to avoid discomfort for patients.
Should the mean SBP reading be recorded above 150 mmHg, then the participant would

be excluded from taking part in any exercise in coherence with ethical procedures.

3.2.2 Height

Participants’ height was measured in centimetres (cm) to one decimal place. Participants
were asked to remove their footwear and stand upright with their backs positioned
against a Holtain stadiometer (Holtain Ltd, Crymych, Dyfed). Participants were
instructed to place their heels together, and have heels, buttocks, and shoulders pressed
against the stadiometer. Arms were hung freely with their palms facing their thighs. The
measurement was taken following a deep inhalation while standing tall, looking straight

ahead with the head upright and not tilted backwards.

3.2.3 Body mass

Body mass was recorded in kilograms (kg) to one decimal place and was measured
using a set of SECA 635 digital scales (SECA, Birmingham, UK). Participants were
provided with changing facilities and asked to change into light clothing that they would
later be exercising in. All jewellery, belongings from any pockets and footwear were
removed prior to measurement, and participants were then informed to step on to the

centre of the digital scales and stand erect until a reading was recorded.
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3.2.4 Manual waist to hip measurements

Participants in chapters 7 and 8 had their manual waist to hip measurements taken at
each assessment visit. Waist circumference (WC) was taken using a SECA 201
measuring tape and was defined as the level of the trunk where the girth was minimal.
This is where there was a noticeable indentation of the trunk when viewed from the
front. If there was no such obvious indentation, then the measurement was made at the
level that was midway between the lowest rib (laterally) and the ilio axilla landmark
(Marfell-Jones et al., 2006). The measurement was performed with the required area of
skin accessible with permission from the patient. The hip circumference (HC) was made
at the level where there was greatest protuberance of the gluteals. The participant was
stood with both feet together for this whole process. In order to calculate the waist hip

ratio (WHR), the WC was divided by the HC.

3.3 Peak power output (PPO) test

The exercise protocol in chapters 4, 5 and 6 were individually prescribed for each
participant in order to control for the workload between experimental conditions. Each
participant then worked at a set percentage of their maximum as determined in the PPO
test. For chapters 4, 5 and 6 a PPO test was conducted in visit 1 on a mechanically
braked cycle ergometer (Lode Sport Excalibur, Netherlands). The PPO test consisted of
a 5 min warm-up at 50 Watts (W) followed by a ramp protocol, whereby workload

increased at a rate of 30 W-min™ until participants felt they could no longer persist with
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the test. Participants were instructed to pedal at a comfortable frequency above a
minimum of 60 revolutions per minute (RPM) throughout the test. Participants were
then given a warning once this frequency first fell below 60 RPM and the test was
terminated when RPM fell below 50. Participants were verbally encouraged throughout
the test to provide maximal effort until they could no longer continue, and were told to
remain seated at all times. Water was provided ad libitum throughout all exercise
procedures where possible and was completely dependent upon the participants’
individual preference. Additionally, during the repeated sprint cycling protocol,
participants were also asked to rate themselves on their perceived readiness ratings
(PRR) (Karu et al., 2000) prior to each sprint using a scale from 5 to 1 (where 5 relates

to completely ready to begin, and 1 is not at all ready to begin).

3.4 Sub maximal exercise test

For experimental chapter 7, a sub-maximal exercise test was administered in order to
prescribe the correct exercise intensity for subsequent sessions. Once appropriate
screening had taken place and eligibility for the exercise programme had been
confirmed, participants then performed a ramped sub-maximal exercise test (VOasubmax)-
The test was performed on a Woodway ELG55 motorised treadmill (Woodway, Weil an
rhein, Germany) set at 0.1% gradient throughout the test, which began at a speed of 4.5
kmrhr™ for 3.5 min. Gas collection was made using an Oxycon Pro Metabolic System
(Jaegger, Hoechberg, Germany) throughout for monitoring and analysis of VO..
Participants were asked to wear a facemask that covered the mouth and nose, and a
rotary flow sensor was placed in the mouthpiece for gas collection. The Oxycon Pro

was calibrated using a 3 ml Hans Rudolph volume calibrating syringe (Hans Rudolph
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model 5530, Kansas, USA). A rating of perceived exertion (RPE) was recorded each
min by asking participants how they felt using a 0-10 scale (Foster et al., 2001), with 0
correlating to a feeling of rest, while 10 is maximal effort. Each participant wore a Polar
Heart Rate Monitor (Polar Electro, OY, Finland) to monitor HR throughout the testing
procedure, and a safety harness was worn for the test procedure in order to ensure the
safety of each participant from tripping/falling, particularly as there were some who
were not accustomed to treadmill exercise. A crash mat was placed behind the treadmill
at all times while participants exercised. Readings of RPE, HR and VO./kg were
manually recorded each min. Participants were instructed to provide maximal effort and
persist with the test until they felt they could no longer continue with exercising, or they
reached 85% of their age predicted maximum HR (using Karvonen’s principle of 220-
age; Hansen et al., 2012) in which case the treadmill was stopped using the data display
module that ensured a gradual ceasing of the treadmill belt. Gas collection was then
immediately stopped and the facemask and mouthpiece removed for the participants’
comfort and well-being. Participants were then instructed to perform a cool-down
period of 5 min walking at a self-selected comfortable speed on the treadmill (usually
the same as the warm-up speed) and once completed, participants were withdrawn from
the safety harness and monitored intensively during recovery, where they remained
under supervision until heart rate returned to within 120% of basal levels. Participants
were then free to leave after organising the visits for the start of their individual exercise

programme.
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3.4.1 Maximal exercise test

For experimental chapter 8, the exact test procedure as section 3.4 was followed, except
participants were allowed to continue with the test until volitional exhaustion, and so
participants were verbally encouraged to provide maximal effort in the test. Safety
measures were in place as in section 3.4, and participants were taught how to straddle
the treadmill before they began the exercise in order to ensure a safe method of ceasing
exercise, especially considering the participants were somewhat unaccustomed to

exercise.

3.5 Expired gas analysis

Respiratory gas exchange measurements were analysed breath-by-breath using an
Oxycon Pro Metabolic System (Jaegger, Hoechberg, Germany) throughout testing for
monitoring and analysis of VO,. The system was calibrated prior to each use according
to the manufacturer’s specifications. Initially this involved standard gas (17.05% O, and
4.98% CO,, Cranlea, UK). The flow rate was calibrated using a 3 L syringe (Hans-
Rudolph). The VO, data was 30 s stationary time-averaged, and the highest 30 s
average reading in the incremental phase was regarded as the VOumax (Midgley et al.,
2009). The 30 s stationary time average method has been shown to provide a sound
concession between removing noise and maintaining the underlying trend in relatively
rapidly changing VO, data (Midgley et al., 2009). Sub maximal data from 3.4 was

linearly extrapolated in order to establish the VO,max from this data set.
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3.6 Blood collection

3.6.1 Capillary blood samples

Capillary blood samples were collected using a standard finger prick technique (Roche
Accu-Chek Safe-T-Pro Lancets, Roche Diagnostics, North America). A clean finger
prick was used for each separate collection. Blood for the analysis of pH, bicarbonate
(HCO3), base excess, H', and lactate was collected in 100 pl balanced heparin blood
gas capillary tubes and analysed immediately where possible, otherwise was placed on
ice until analysed (ABL800, Radiometer, UK). Blood for the analysis of haematocrit
was collected in duplicate into glass capillary tubes and analysed using a Micro

Haematocrit Reader (Hawksley, UK).

3.6.2 Venous blood samples

Venous blood samples were drawn from the antecubital vein via a standard
venepuncture procedure into Vacuette blood tubes (Vacuette®, Greiner BIO-one, UK).
Samples were collected by different persons depending on the study, but within each
study samples were collected by the same independent trained consultant. Tri-sodium
citrate tubes were centrifuged immediately at 12,000 g for 10 min where possible;
otherwise they were placed on ice and analysed as soon as possible, but were never left
on ice for longer than 30 min. Analysis of blood tubes will be discussed in the next

sections, but once the required plasma had been removed and analysed, the remaining
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PFP from the tri-sodium citrate tubes were aliquoted into cryovials and stored at -80 °C

for later analysis.

3.7 EMP

Citrated blood was analysed by obtaining platelet rich plasma through centrifugation
(180 g, 10 min) using a Heraeus Labofuge 400R Centrifuge (Kendro Laboratory
products, Bishops Stortford, UK), which was then removed carefully into a 1.5 ml
polypropylene tube. Platelets were removed by further centrifugation (12,000 g, 10 min)
using a HeraeusBiofuge Pico Centrifuge (Kendro Laboratory products, Bishops
Stortford, UK). From this, samples of PFP (25 pl) were incubated with 4 pl of either
IgG1 CDI105:FITC conjugate (AbDSerotec, UK) or IgGl CD106:FITC conjugate
(AbDSerotec, UK) in the dark at room temperature for 30 min. Quantification was
achieved by adding filtered phosphate buffered saline (150 pl PBS; 0.01 M phosphate
buffer, 0.0027 M KCI, 0.137 M NaCl, pH 7.4 and autoclaved; Sigma) and counting
beads (25 pl, Caltag Laboratories) immediately prior to analysis by FC
(BDFACSCalibur®). Considering that MP are determined between a size range of 0.1-1
um MP, the counting beads used are a mixture of fluorescent beads with diameter in the
range of 0.5 and 0.9 um and platelet size ranging from 0.9 to 3 um, which allows the
ability to set the cytometer software so that MP can be studied within a fixed range for a
more reproducible MP count. A MP region was previously determined using megamix
beads (Biocytex, France) according to an established protocol and used consistently
throughout the thesis (Lacroix et al., 2010) (Fig 3.1), and 25,000 events were counted
for MP analysis, with positive MP being defined as an increase in mean fluorescence

intensity over the isotope matched negative control, and were quantified in relation to
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counting beads according to manufacturers’ instructions. Considering that a known
volume of counting beads was combined with the same known volume of PFP, the
number of MP/ul (the absolute count) was obtained by relating the number of MP
counted with the total number of fluorescent bead events (Fig 3.2). The MP number was
then multiplied by the number of total fluorospheres per unit of volume, as per the

following formula;

MP concentration (MP/ul) = Number of cells counted X Number of Beads per pl

Total number of beads counted
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3.7.1 Sample analysis of EMP

Fig 3.1 represents the gating strategy used from the flow cytometer used for
quantification of CD105+ MP and CD106+ MP. FSC and SSC criteria were set for the

assessment of + MP. The MP gates were set using megamix beads of 0.5 and 0.9 pm.
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Fig 3.1 Representation of the flow cytometry MP gating used to determine MP
numbers throughout the entire thesis showing forward scatter (FSC) and side
scatter (SSC) plots.
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Fig 3.2 display a typical representation of the detection of EMP. For illustrative
purposes, the MP gate is shown as a rectangular gate, and this illustration is a typical
CD105 staining of MP showing positive events in the lower right quadrant, negative

events in the lower left quadrant, and counting beads in the upper right quadrant.
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Fig 3.2 Typical representation of flow cytometry quantification of EMP.

3.8 EF using the EndoPAT-2000

Additionally to EMP quantification, EF was assessed during the sedentary study
(chapter 7) using a non-invasive reactive hyperaemia technique through an EndoPAT-
2000 device (Fig 3.4). Participants were measured at rest in a fasting state between the
hours of 0730 am and 0800 am prior to exercise, and then again immediately after 60

min of exercise. A trained professional with vast experience using this device was
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employed to carry out the procedure, and the procedure was performed in a quiet,
thermo-neutral laboratory. All mobile phones and pagers were silenced, and restrictive
clothing or jewellery was removed as it may have interfered with blood flow. The
patient’s fingers were inspected prior to experimentation for any injuries or deformities
that could have affected the procedure. Fingernails were trimmed if they extended more
than 5 mm or 1/5 of an inch beyond the tip of the finger in use as they may have
interfered with the internal membranes of the PAT probes. The patient was asked to lay
supine on a bed for a period of 15 min at complete rest with the two arm supporters
placed along each of the patient’s sides. SBP and DBP was then recorded in this state
using the control arm (the arm not to be occluded during the study) using a BP cuff. A
BP cuff was then applied snugly to the arm to be occluded but was not inflated at this

time (Fig 3.5).

Fig 3.3 EndoPAT-2000 machine
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The EndoPAT-2000 software was then launched and all personal details entered for that
current patient, including age, gender, height, weight, SBP and DBP. Two pneumatic
finger probes, which are thimble-shaped sensors, were used for each test. One was
attached to the index finger of the right arm, and another probe was attached to the
index finger of the contralateral arm. It was confirmed with the patient that he or she
could feel the very end of the probes, and then the inflate button was activated. A foam
anchor ring was placed at the base of the adjacent middle finger, ensuring that the probe
and the foam ring were not in contact in order to limit noise in the analysis. The arms of
the patients were positioned so that the forearms were supported on the arm supports
and the fingers dangled freely off the edge of the support. The patient was instructed not
to move the fingers and to relax throughout the testing procedure. The test was initiated
and a 5 min baseline recording period was performed. The blood pressure cuff was then
manually inflated at a rapid rate to a supra-systolic pressure of 60 mmHg above the
patient’s SBP or to 200 mmHg, whichever was higher, and a stopwatch was started.
After 5 min the cuff was released abruptly as quickly as possible and a 5 min post
occlusion recording period was taken. The test was then stopped causing the probes to
deflate automatically. The probes were then discarded after use and brand new probes

used for each test.
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Fig. 3.4 Representation of the EndoPAT procedure used in experimental trials
(chapter 7). A displays the setup of the system including the finger probes on each
hand, whilst B shows the blood pressure reading and the extent of the pressure

required to occlude the brachial artery.
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Chapter 4: Investigation into the effects of repeated supra

maximal cycling on the EMP response in healthy males
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4.1 Introduction

It is known that exercise induces several types of physiological stress, such as increased
heat production, reactive oxygen species and shear stress (Marsh & Coombes, 2005),
and that oxidative stress activates the endothelium (Lehoux, Castier, & Tedgui, 2006;
Ungvari, Wolin, & Csiszar, 2006). The study of EMP after exercise in healthy
individuals is scarce, with a limited number of investigations being conducted in this
area. An increase in levels of EMP, specifically CD106+ MP was shown following a
simulated (hyperbaric chamber) dive after breathing air at depth in 6 healthy male
participants (Vince, et al., 2009b); suggesting this may be a sign of endothelial
activation. Bartzeliotou et al (2007) investigated circulating levels of adhesion
molecules, including CD62E and soluble CD106, induced by a “Spartathlon” ultra-
distance foot race. CD62E was quantified in plasma with a biochip array analyser and
then an ELISA technique. Soluble CD106 was determined in plasma using a multiplex
assay kit. sCD106 was significantly greater at the end of this 246 km race, with levels
returning to normal 48 hr after the end of the race (Bartzeliotou et al., 2007). In a recent
study (Sossdorf et al., 2011) it was shown that a moderate bout of cycling exercise was
enough to elicit an increase in the quantity of cell-derived EMP (CD62E) concentration
in 16 healthy male individuals. Conversely, Chaar et al (2011) were unable to see any
significant changes in soluble adhesion molecules or MP, which included CD106+ MP
and sCD106. Chaar et al (2011) tested 7 healthy males and the exercise consisted of 3
progressive and maximal ramp exercise tests with a constant pedalling speed of 70 RPM

that were interspersed with 10 min of recovery.

In addition to the limited research in the effects of exercise upon EMP concentration,

there is also limited data on the impact of NaHCOj3; ingestion on the stress response
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following exercise. NaHCOj is an effective buffering agent for enhancing performance
(McNaughton, Siegler, & Midgley, 2008), and can improve acid base recovery
following exercise of an anaerobic nature (Siegler et al., 2008). NaHCO3 is proposed to
increase the body’s natural bicarbonate reserve, acting as a buffer due to its ability to
accept a proton to form carbonic acid (H" + HCO3; « H,CO3). In turn, this mechanism
increases the extracellular reserve enhancing H* efflux from the cells (McNaughton,
Siegler & Midgeley, 2008). In addition, it is possible that the extra buffering of H" may
result in a reduced production of free radicals (Kellum, Song, & Li, 2004), and thus
reduce exercise induced oxidative stress, a possible stimulus for EMP release (Vince et
al., 2009b). It has been shown previously in cultured cells and cardiac myocytes that
acidosis is a major trigger of apoptosis (Thatte et al., 2004). A decrease in endothelial
cell pH is part of the physiological response to exercise (Morikawa et al., 1994), and
avoiding acidosis through the use of a buffering agent may attenuate MP release, and
therefore endothelial damage/activation. Based on the evidence given here, we
hypothesised that the plasma concentration of MP may be influenced by a strenuous
cycling protocol. Thus the aim of this chapter was to assess damage/activation of the
vascular endothelium as a result of a high intensity cycling exercise through
quantification of EMP in healthy male participants. An additional aim of the chapter
was to investigate the effects that ingesting NaHCOj3 prior to strenuous exercise may
have, if any, upon the numbers of circulating EMP and whether the acidosis response to

high intensity exercise may be attenuated in healthy human participants.
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4.2 Methods

4.2.1 Participant characteristics

Seven healthy, non-smoking male participants (mean = SD, height, body mass, age,
absolute PPO, relative PPO and physical activity: 182 + 0.06 cm, 81.3 + 8.4 kg, 22.1 +
3.2 years, 300 + 22 W, 3.73 + 0.50 Wkg™?, 3.9 + 1.0 hr week™) volunteered to take part
in this study. All ethical approval and pre-test procedures were made in accordance with

the information provided in the general methodologies in section 3.1.

4.2.2 Experimental design

Participants reported to the laboratory on three separate occasions, each separated by
one week. Visit 1 consisted of a PPO test (described in detail in section 3.3), which
preceded a familiarisation to the intermittent cycling protocol. The PPO attained was
used determine the workload for the intermittent exercise protocol during the
experimental trials. The intermittent protocol began with a 5 min warm up at 50 W,
which was followed by 10 x 15 s sprints at 120% PPO determined in visit 1, which were
separated by 45 s of active recovery at 50 W. During the experimental trials, all
participants were vocally encouraged to achieve maximal power output. PRR was also

recorded prior to each sprint.
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The two experimental visits were organised in a randomised and double blinded
manner, which consisted of either NaHCO3 (experimental) or placebo trials. NaHCO3
was administered at a dose of 0.3 g-kg-BW™, contained in approximately 15-20 gelatine
capsules that were taken with water. The placebo was administered at a dose of 0.045
g-kg-BW™ of NaCl made up with flour to provide the same amount of pills. Pills were
consumed 60 min prior to exercise (Siegler et al., 2010). All testing was performed at
the same time of day, with the pills being consumed at 0830 am, in order to control for
any circadian variations that may affect results, which has been shown previously in the
expression of CD106+ MP (Madden et al., 2008) and exercise performance (Drust et al.,

2005).

Capillary blood samples were taken for the measurement of acid base characteristics
(pH, H*, HCO3™ and base excess) immediately before and 60 min after ingestion of the
capsules (both pre exercise) and analysed as described in section 3.6.1. Venous blood
samples for subsequent EMP quantification were made as described in section 3.6.2.
Blood draws were made immediately before exercise (Rest), immediately post exercise

(Immediate), 90 min post exercise (90 min), and 180 min post exercise (180 min).

The expression of CD105+ MP and CD106+ MP were characterised by FC (sections 3.7

and 3.7.1 for MP quantification and sample analysis).
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4.2.3 Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics 19.0 (SPSS Inc,
Chicago, IL). Central tendency and dispersion of the sample data are represented as the
mean + SD. Any changes in biochemical markers across condition and time were
analysed using linear mixed models. Post hoc tests with Sidak adjusted p values were
used to locate significant paired differences where a significant F ratio was observed.
The change in acid base status from pre to post ingestion within the two experimental
conditions, and comparisons across conditions was investigated using paired samples t-
tests with Sidak adjusted p values to control for family wise type I error rate. All of the
data are presented as means and standard deviation of the mean £ SD unless specified.

Two-tailed statistical significance was accepted at p < 0.05.

4.3 Results

4.3.1 Acid base homeostasis

Capillary blood acid base variables are presented in Table 4.1. There were no significant
differences in pH. HCO3', base excess or H' ions between the placebo and experimental
trials prior to the ingestion of pills. Significant changes occurred in all acid base
characteristics after the supplementation with NaHCO3. pH increased significantly from

7.40 to 7.46 after NaHCOg3 ingestion in the experimental group only (p < 0.001). HCO3
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was significantly higher post ingestion in the experimental group only, rising from
25.58 to 29.30 mmol/L (p < 0.05). Base excess rose from 1.62 to 5.68 mEg/L in a
significant manner (p < 0.001), again in the experimental group only, with the placebo

+

group remaining unchanged. Finally, H" ions decreased significantly from 39.50 to
34.93 in those who ingested NaHCOj3. Those who consumed NaHCOj3 had significantly
different values in each of the four acid base variables measured compared with placebo

group post ingestion.
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Table 4.1 Acid base characteristics (pH, HCO3', base excess, and H*) measured pre

and post ingestion of NaHCO3; (means + SD).

Variable Pre ingestion Post ingestion
pH
PLACEBO 7.40 £0.01 741 +£0.04
EXPERIMENTAL 7.40 £ 0.02 7.46 +0.02%°
HCO3; (mmol/L)
PLACEBO 25.36 + 2.54 25.29+1.18
EXPERIMENTAL 25.58 + 0.58 29.30 + 1.34%
Base excess (mMEqQ/L)
PLACEBO 1.24 +0.47 1.43+0.75
EXPERIMENTAL 1.62 £ 0.56 5.68 + 1.66%
[H']
PLACEBO 3941+1.12 39.31 + 3.67
EXPERIMENTAL 39.50 + 1.39 34.93 + 2.03%

% significantly different to pre ingestion (p < 0.05), ” significantly different to placebo (p

< 0.05).

4.3.2 PRR

Results of PRR suggest that regardless of experimental condition, as the exercise

progressed, participants perceived each subsequent sprint more difficult than the

previous sprint. Fig 4.1 displays the trend for PRR scores as the number of sprints

increased. PRR showed significant pair wise comparisons across almost all time points
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in both conditions, with a significant overall main effect for time found (F = 28.503, p <
0.001). There was however no significant main effect found between the two

experimental groups for condition (F = 0.604, p = 0.443).

5 7 O
—&— Placebo
O+ Experimental
4 .
0
o 3 -
o
2 .
1 I I I T 1
0 2 4 6 8 10

Sprint Number

Fig 4.1 Time dependent profile for the PRR scores in each experimental group
expressed from sprint number 1 to 10 during the placebo (e) and experimental (o)
trials (n = 7). Error bars have been excluded for clarity that would have

represented the SD of the mean PRR.
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4.3.3 CD105+ MP

CD105+ MP at rest and during the 180 min post exercise recovery for the two groups is
displayed in Fig 4.2. The mean quantity of CD105+ MP increased from rest to a
maximum level at 90 min post exercise in both experimental groups. In the placebo
group, an increase of 52.7% was observed compared to an increase of 32.1% in the
experimental group from rest to 90 min. The interaction effect of condition and time
produced no significance (F = 0.267, p = 0.848). A significant main effect for time was
present (F = 2.969, p = 0.046) suggesting the EMP response for CD105+ MP was
significantly higher 90 min after exercise, and levels had returned back to basal levels
after 180 min. Post hoc tests indicated that there was a significant increase in CD105+
MP in both conditions immediately after exercise to 90 min, placebo group (p = 0.018),
and experimental group (p = 0.040). Levels of CD105+ MP decreased from the peak
value at 90 min to 180 min during recovery in both groups, but this decline was not
significant. No main effect significance was found for condition across trials, indicating

that the results gained were not due to the condition but the exercise protocol itself.
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Fig 4.2 CD105+ MP at rest, and immediately, 90 and 180 min post exercise in
placebo (dark bars) and experimental (hatched bars) participants. Data
a

represented as the concentration of CD105+ MP per ul PFP (mean = SEM).

significant difference to immediate (p < 0.05). Error bars represent mean + SEM.
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4.3.4 CD106+ MP

CD106+ MP data followed a similar trend to that observed for CD105+ MP in that the
peak value was attained 90 min post exercise in both experimental groups (Fig 4.2). In
the placebo group, an increase of 39.2% was observed from rest to the peak at 90 min,
compared with 64.3% in the experimental arm for the same time points. The interaction
effect of condition and time produced no significance (F= 32.144, p = 0.925). However,
a significant main effect for time was present (F = 7.861, p = 0.011) indicating that the
response to exercise was significantly increased at 90 min, and levels returned towards
basal values after 180 min. The results of the post hoc test showed that placebo and
experimental groups displayed significance from immediately post exercise to 90 min (p
= 0.045, p = 0.009 respectively). No main effect significance was found for condition
across trials, indicating that the results gained were not due to the condition but the

exercise protocol itself.
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Fig 4.3 CD106+ MP at rest, and immediately, 90 and 180 min post exercise in
placebo (dark bars) and experimental (hatched bars) participants. Data
represented as the concentration of CD106+ MP per ul PFP (mean + SEM). @

significant difference to immediate (p < 0.05). Error bars represent mean + SEM.
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4.3.5 Overall + MP response to exercise

As no significant differences were observed between the experimental conditions at
each of the time points (placebo and experimental), data has been grouped thus
combining values from all participants (n = 14) regardless of their experimental
condition in order to demonstrate the trend over time that both markers of EF displayed.
Fig 4.4 shows that there was significance for both markers across several time-points,
indicating a significant change across time in EF. Levels of CD105+ MP were
significantly increased from resting values of 1077 CD105+ MP per ul PFP to a peak
value of 1499 CD105+ MP per pl PFP at 90 min (p = 0.010). The number of CD105+
MP remained elevated from resting values to 180 min (1159 CD105+ MP per ul PFP)
post exercise (p = 0.043). CD105+ MP also increased from immediately post exercise
from a value of 1048 CD105+ MP per ul PFP to 90 min post exercise (p = 0.019).
CD106+ MP also peaked at 90 min (865 CD106+ MP per pl PFP) and this was
significantly greater than at immediately post exercise (491 CD106+ MP per ul PFP; p
= 0.020). There was also a significant increase at 180 min post exercise from
immediately post exercise as levels of CD106+ MP rose from 491 to 694 CD106+ MP

per ul PFP (p = 0.015).
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Fig 4.4 CD105+ MP (dark bars) and CD106+ MP (hatched bars) at rest, and
immediately, 90 and 180 min post exercise (n = 14). ?significant difference to rest, °
significant difference to immediate (p < 0.05). Error bars represent mean + SEM.

4.4 Discussion

The main finding from this chapter is that a high intensity repeated sprint exercise
stimulates a rise in EMP, which then shows a decline towards resting levels within 180
min of ceasing exercise. Another finding from the experiment is that pre ingestion of
NaHCO; to maintain acid base balance closer to homeostatic levels did not attenuate the

release of EMP from the endothelium following exercise.
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To date, there has not been vast research conducted to describe the effect of physical
exercise on the overall cell-derived MP release from endothelial cells in healthy
humans. Results here show that this particular bout of acute exercise was capable of
increasing the concentration of EMP in comparison to resting levels. Additionally, the
levels of EMP were returning to resting values after 180 min of recovery. In comparison
to another study of this kind, Chaar et al. (2011) were unable to detect any changes in
MP production from endothelial cells as characterised by no detection at all in levels of
CD106+ MP (Chaar et al., 2011). Additionally to this, plasma levels of sSCD106 were
unchanged as a result of exercise. These findings may be due to pre analytical
methodology, including using previously frozen plasma (Lacroix et al., 2010) or the
exclusivity of enumerating MP that were also positive for annexin V staining, as not all
MP express PS. Chaar et al. (2011) utilised a cycling protocol involving three separate
progressive, maximal ramp exercise tests in healthy males, which would be expected to
elicit sufficient damage to the endothelium due to its high intensity nature (Chaar et al.,
2011). Therefore this leads to the presumption that the methodology was responsible for

this.

There was an observed rise in EMP following this exercise that may be postulated to be
as a result of the nature of the exercise. The reason for such a rise in these markers may
be due to the sensitive nature of the endothelium to oxidative stress and shear rate
(Lehoux, Castier, & Tedgui, 2006; Ungvari, Wolin, & Csiszar, 2006). Cell adhesion
molecules are expressed by the endothelium and soluble isoforms of these molecules
are found in the plasma, thought to be as a result of shedding from cell surfaces (Marsh
& Coombes, 2005) and although there was no precise measures of shear stress in this
study, it is a suggestion that has been evident since in further work (Sossdorf et al.,

2011; Stachenfeld, Yeckel, & Taylor, 2010), but precise measures of shear stress during
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and post exercise are required in order to determine effects on MP quantification. Given
the supra maximal nature of the exercise in this study, it is reasonable to assume there
was a significant increase in shear rate, suggested to be a key reason in the shedding of
these molecules (Shephard et al., 2000). Oxidative stress may also be a determining
factor in increased MP release from cells, and has previously been shown with EMP
release in response to hypoxia (Vince et al., 2009a;b) as well as heat shock protein
(HSP) response to a single bout of high intensity anaerobic exercise (Peart et al., 2011)
suggesting a more global circulatory stress involving regulatory triggers could

contribute to increased MP release.

Nielsen and Lyberg (2004) measured plasma concentrations of soluble adhesion
molecules (sCD62E, sCD106) in a total of 43 participants (35 males, 8 females) pre
exercise and immediately post exercise (Nielsen & Lyberg, 2004). This study included
data from 3 separate marathons and half-marathons in Oslo, Norway. Levels of sCD106
and sCD62E rose significantly immediately after exercise from resting values in both
the marathon and half-marathon races. The full marathon race in 1999 took an average
time of 3.45 hr to complete, while the mean finishing time for the 2000 race was 3.40
hr. The half-marathon race was completed in 1.41 hr for men and 1.53 hr for women.
Unfortunately, no post exercise data following a recovery period was available in the
study by Nielsen and Lyberg (2004) that may have indicated if the endothelium was
able to recover as in accordance with the results from the current chapter. However, in
the results of the present chapter, the rise in EMP was not observed until 90 min post
exercise, and values immediately post exercise were remarkably similar to resting

levels.
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Future protocols could include additional time points to further characterise the time
course of MP concentration after an acute stress. It could be assumed that from this
work, and others previously mentioned (Jensen, Bangsbo, & Hellsten, 2004; Sossdorf et
al., 2011; Wahl et al., 2011) that high intensities are required to activate endothelial
cells, and there is an intensity dependent increase in MP, suggesting that in order to
significantly stress the endothelium of healthy individuals, strenuous activity is required
to see such a rise. This intensity dependent increase is thought to be as a result of
shedding of the cell adhesion molecules via adrenergic mechanisms (Rehman et al.,
1997), but it may also be expected following a bout of exercise of this intensity, and so
could be as a result of an increase in shear stress. As the time interval from cessation of
the exercise protocol to the observed increase in EMP was relatively short, it may be
postulated that increased levels of EMP are as a result of increases in shear stress due to
increased HR. Endothelial cells are constantly shedding MP at a nominal rate
(Freyssinet, 2003) and a sudden increase in shear stress may result in a one off cleaving
of MP that are in a process of being released from the endothelium, resulting in
temporary increase in circulating EMP. Sossdorf et al. (2011) provided a strong
suggestion that shear stress may play a role in EMP release in a recent study (Sossdorf
et al., 2011). This group found that cardiopulmonary exertion was significantly higher
in the ‘trained’ group throughout a 90 min cycling exercise at a fixed percentage (85%)
of participants’ IAT. HR and BP were monitored at regular intervals throughout the
exercise and immediately after, suggesting a greater shear stress was the reason for a
transient increase in numbers of EMP (CD62E) at 45 min in the ‘trained’ group versus
the ‘untrained’ group. This finding may also suggest biological differences in the
effectiveness of the stress induced mediators between ‘trained” and ‘untrained’
participants. There were similarities between the current study and the aforementioned

in terms of a time delay from cessation of exercise in order to see an increase in EMP,
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even in such a moderately intense protocol. Further to this, participants from this
chapter were fit and healthy individuals partaking in regular physical activity per week,
and were accustomed to high intensity exercise. Such characteristics could link to the
trained group in the study by Sossdorf et al. (2011), although aerobic capacity was not
measured in the present chapter, and if this is indeed the case, then it may be reasonable
to assume that a similar time course was present in both studies. Although the exact
timings of the sample collection were slightly different, it appears that trained
individuals hit a peak of endothelial stress and subsequent recovery within a similar

timeframe.

A further aim of this chapter was to determine if the stress response placed upon the
endothelium as a result of exercise, by means of changes in pH, may be attenuated, and
therefore MP release reduced by the inclusion of a NaHCO3 buffer. This has previously
been shown to be successful in other markers of exercise related stress, such as HSP72
(Peart et al., 2011). Recently, Wahl et al (2011) investigated the effects of exercise
induced acidosis on VEGF levels following 3 experimental trials. In the first 2 weeks,
11 healthy male participants performed 4 sets of 30 s all out cycle sprints separated by 5
min rest, in a randomised order of bicarbonate and placebo trials. The third trial was a
constant load exercise for 60 min at 50% PPO in the third week (Wahl et al., 2011).
VEGF stimulates angiogenesis, thus resulting in increased oxygen delivery to tissues;
however over-expression can be detrimental (Wabhl et al., 2011). This group found that
following ingestion of NaHCO5 (0.3 g.kg™ BW suspended in 0.02 ml H,0O kg™ BW over
90 min period), there was no attenuation to the VEGF response following highly
strenuous exercise. The endothelium is exposed to a more acidic environment during
physical exercise (Morikawa et al., 1994) and the rate of VEGF production has been

shown to be increased at acidic pH in an endothelial cell culture model system
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(Burbridge et al., 1999) suggesting a possible oxidative stress response. However, in
vitro studies in bovine aortic endothelial cells have actually found that acidosis inhibits
endothelial cell apoptosis and inhibits angiogenesis despite increased VEGF mRNA
expression (D'Arcangelo et al., 2000) whilst Fukumura et al (2001) also demonstrated a
more acidic environment increased VEGF expression (Fukumura et al.,, 2001).
However, this study demonstrated no attenuation of EMP release, which may suggest

that MP release is not influenced by changes in blood pH in healthy human subjects.

It was hypothesised that changes in the circulating levels of EMP following strenuous
activity would reflect the changes in the state of the endothelium. Taking this into
account, it is reasonable to assume that the levels at which EMP were highest would
represent the time at which the endothelial cell stress occurred, which was 90 min post
exercise. Detecting the time point at which the highest amount of endothelial damage
occurs is something to consider in future work, as it may be that the EMP quantity was
rising/falling at 90 min thus greater endothelial damage may occur at a different time
point post exercise. The effects of exercise on the vasculature are not particularly well
characterised, and here attention has been drawn to MP as potential novel markers that
are able to offer an insight into the state of the endothelium of healthy human

participants during strenuous physical activity.

In conclusion, a strenuous bout of exercise is accompanied by a rise in EMP within the
circulation. The endothelium of healthy individuals is highly stressed after such
exercise, but shows signs of rapid recovery within 180 min of ceasing exercise.
Additionally, EMP release was shown to be unaffected by changes in blood pH by

means of NaHCOj ingestion prior to exercise, suggesting that shear stress may be a
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contributing factor resulting in the increased circulating EMP due to its exhaustive
nature. Shear stress factors were not investigated in this current chapter, but future work
IS necessary to elucidate any relationship between shear stress and EMP release. Finally,
this chapter strengthens the notion that CD105+ MP and CD106+ MP appear novel
biomarkers as to the state of the endothelium, specifically as shown here in healthy

human participants.

104



Chapter 5: Investigation into the effects of repeated supra

maximal cycling on the EMP response in healthy females
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5.1 Introduction

The previous experimental chapter verified the novel finding that CD105+ MP and
CD106+ MP appear effective markers of EF in healthy males during a high intensity
exercise bout, and that there appears to be a trend in the pattern of EMP quantity
observed during recovery. This increase was not attenuated by NaHCOj intake prior to
exercise, and so it is thought that altering acid base variables does not impact EMP
levels. Therefore, the influence of NaHCO3; was not measured in this instance. There
was also a suggestion that the levels of EMP may be related to performance measures

such as HR and BP and warranted further experimentation.

The effects of acute exercise on EF in females are very uncommon, and to the author’s
knowledge, no other group have investigated the effects of an acute bout of strenuous
exercise on EMP levels in females. A recent study did however assess PMP release after
anaerobic exercise in a cohort of young, healthy individuals which consisted of a
combination of 9 females and 9 males (Maruyama, Kadono & Morishita, 2012). The
Bruce protocol was used on a treadmill as previously described in detail (Jae et al.,
2007). Briefly, expired gas and exercise HR was measured during the last min of each 3
min stage using a 12 lead ECG. Participant’s ceased exercise once they reached 85% of
their age predicted heart rate during this protocol. It was stated that PMP were assessed
through ELISA, but thorough details of the procedure was lacking in this study, making
conclusions very difficult to draw. Levels of PMP were significantly increased from
baseline at immediately post exercise and also at 60 min post exercise, although these
values were not analysed separately between males and females, making interpretation
very difficult. Although this study looked at PMP levels and not EMP levels, it suggests

that acute exercise may impair EF in young healthy females, though it would have been
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useful to see additional blood samples during recovery in order to monitor EF, as well
as separate males from females. Interestingly, levels of PMP were declining very
slightly from immediately post exercise to 60 min post exercise, but this change was not
significant. Further to this, the units of PMP were unclear in this study as they were

reported in an unfamiliar context (U/ml) making the methodology difficult to interpret.

There are a few studies that have looked at EF in acute exercise using other assessment
methods. Hwang et al (2012) recently assessed FMD in a cohort that included 39 young
healthy females and 35 young healthy males following acute treadmill exercise using
the a standard Bruce protocol (Hwang et al., 2012). Results showed that post exercise
FMD was significantly impaired when compared with baseline values in healthy, young
females. Interestingly, the males studied did not show any significant change,
confirming that there was a greater impairment in EF in females than in males in this
study, alleviating to the suggestion that ED is greater in females than males following
acute exercise. Unfortunately, there was no data available during a post exercise
recovery period, which would have been useful in order to assess any potential return to
baseline in EF. One limitation to the study was the effect of ethnicity of the participants,
given that all those involved were of Korean ethnicity, and it has been reported that
there may be ethnic differences between Asians and Caucasians (Hwang et al., 2012
McCrohon, Woo & Celermajer, 2000; Woo et al., 1997). This study does however
appear to suggest that acute high intensity exercise impairs EF in healthy females as
measured by FMD. High intensity is, by definition, the equivalent to > 9 metabolic
equivalents (METS) (Norton, Norton, & Sadgrove, 2010), and females were working at
a mean of 12.4 METS in this study. Further data was provided that informed us that
participants worked at a mean of 90.41% of their maximum age predicted HR, allowing

us to determine that this was a strenuous activity. However, later analysis confirmed
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that no association between FMD and exercise intensity was present, indicating that the

burden of exercise did not influence results (Hwang et al., 2012).

Silvestro et al (2002) were actually able to demonstrate that both FMD and levels of
sICAM-1 were affected by maximal exercise in a way that represented ED (Silvestro et
al., 2002). However, this group only included 1 female (30 males), with their specific
results not detailed, making conclusions of ED in females after acute exercise very
difficult in this instance. This study included 31 patients with intermittent claudication
and a control group of 10 participants matched to the patients for age and sex. The
patients were randomised to group 1 (exercise until claudication pain becomes
intolerable, maximal exercise) or group 2 (exercise until the onset of pain in affected
leg, submaximal exercise). Control participants exercised until they reached their
maximal HR endpoints. Treadmill exercise started with an initial stage of 3 kmh™ and a
3% grade with subsequent 3% grade increases every 2 min up to a maximum of 15%.
FMD and sICAM-1 was recorded at baseline, and immediately after exercise. Results
showed that maximal exercise reduced FMD significantly and increased levels of
sICAM-1, but no changes were seen in the submaximal exercise group or the control
group. This study shows that acute exercise of an intense nature is enough to elicit
endothelial damage in intermittent claudication, although the population was made up

almost entirely of males.

In contrast to these findings, there were increases in FMD after an acute exercise bout in
13 postmenopausal women and fourteen premenopausal women (Harvey et al., 2005).
Results here showed that 45 min of acute, moderate intensity (60% VOgymax) treadmill
exercise bout increased FMD up to 90 min post exercise in postmenopausal women

only. This study shows that an acute bout moderate intensity exercise can improve
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endothelial FMD in sedentary normotensive postmenopausal women, a finding
concurrent with Padilla et al (2006) who used FMD in healthy young adults (5 males, 3
females). FMD results should also be interpreted with caution as it has been shown
previously that FMD is directly affected by the baseline brachial artery diameter
(Hwang et al., 2012; Pyke & Tschakovsky, 2005). Exercise causes an increase in blood
flow and this in turn causes vasodilatation, which then directly impacts the magnitude
of FMD (Pyke & Tschakovsky, 2005). One mechanism that has been postulated to
explain this increase in EF is that the increased blood flow from exercise may have
produced an adequate shear stress mechanism to release NO, which could then have
enhanced EF (Jungersten et al., 1997). These contrasting findings show that caution is
required when assessing methods, and stress the importance of a better understanding of
this particular area and the implications that findings may have, particularly the impact

and implications that EMP may have as markers of ED.

The peripheral vasculature is exposed to various physical stimuli during exercise,
including BP, HR and compressive forces, all of which contribute to shear stress
changes (Dick et al., 2009; Niebauer & Cooke, 1996). It is important to be aware of the
influence that shear stress may have on the release on EMP. Sossdorf et al (2011)
showed that in healthy males, SBP and HR were significantly increased during and
immediately after moderate exercise compared to baseline values (Sossdorf et al.,
2011). All participants performed a single bout of cycling for 90 min at 80% of their
IAT. EMP (CD62E) was identified through FC according to the binding of 5 ul of
FITC-labelled annexin V and CD62E+ MP. The increases in hemodynamic values were
interestingly associated with a rise in EMP (CD62E) levels, occurring 45 min post
exercise in participants deemed highly trained (VOama> 65 mi/min™kg™) only. This

group produced much higher values of SBP and HR compared to the ‘untrained’ group
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(VOumax < 65 ml/minkg™), and considering that EMP levels were only increased in
this group, the notion of shear stress and an intensity dependent influence on MP release
seems logical. Recently, work has been produced showing that high shear stress applied
in vitro of platelet rich plasma samples increased shedding of PMP in 24 healthy,
sedentary, male volunteers after strenuous exercise (Chen, Chen, & Wang, 2010). This
data further strengthens the hypothesis that shear stress is a major trigger of MP release,
although data here was sourced from PMP origin. There is evidence of both in vivo and
in vitro aspects of MP release and its association with shear stress. In a study by Vince
et al (2009b), it was proposed that oxidative stress and shear stress may play a key role
in MP release as CD106+ MP was increased following a SCUBA dive breathing in
compressed air in 6 healthy males. However, despite these findings, data is still limited
in the effects of exercise and the measure of EMP, particularly in a cohort of healthy

females.

Assessing if there is a difference between EMP levels in males and females is an
intriguing area, and a question that remains relatively unanswered. This question is
important given the possible stimulus of gender itself and influencing factors such as
menstrual cycle and hormones (Toth et al., 2007). Recently, it was examined if there
were any gender specific and menstrual cycle dependent differences in circulating levels
of MP (Toth et al., 2007). Twenty-seven healthy women in different phases of their
menstrual cycles, and 18 healthy males were assessed. Both PMP (CD61) and EMP
(CD62E) were analysed by FC, and levels of each were elevated in women compared to
men. Additionally, this effect was solely due to women in the luteal phase of their cycle,
when compared to the follicular phase in both types of MP (Toth et al., 2007). Notably,
this group also measured CD144+ exposing MP, which did not show any gender

specific or menstrual cycle dependent differences. The study by Toth et al (2007) leads
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to the suggestion that EMP release may indeed be dependent upon gender, and although
more data is required to answer this, it is an intriguing thought. This concept was further
strengthened by finding from Jayachandran et al (2009) who showed that healthy
women display menstrual cycle specific differences in both PMP and EMP, which differ
significantly from age matched males. The aims of this chapter were to observe the
EMP response to acute, strenuous exercise in healthy females, and also attempt to look
at performance variables during acute exercise in this cohort. An additional aim was to
speculatively determine the time at which optimal ED may occur by the addition of an

extra blood draw.

5.2 Methods

5.2.1 Participant characteristics

Ten healthy, non-smoking female participants (mean £ SD, height, body mass, age,
absolute PPO, relative PPO and physical activity: 162.34 + 1.72 cm, 59.18 + 4.60 kg,
242 + 476 years, 229.1 + 18.94 W, 3.91 + 0.56 Wkg™, 6.55 + 2.44 hr week?)
volunteered for this study. All ethical approval and pre-test procedures were made in

accordance with the information provided in the general methodologies section 3.1.

5.2.2 Experimental design

Participants reported to the laboratory on two separate occasions, each separated by one

week. Visit 1 consisted of a PPO test (described in detail in section 3.3), which
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preceded a familiarisation of 2 sprints out of the intermittent cycling protocol. The PPO
attained was used to determine the workload for the intermittent exercise protocol
during the experimental trial which took place in visit 2. The intermittent protocol was
the same as that described in chapter 4 (section 4.2.2). Additionally, HR was measured
and recorded 10 s prior to each sprint (HRecovery) and again immediately following each
sprint where a peak HR was recorded (HRpeax). SBP and DBP were recorded using an
Omron M6 Upper Arm Blood Pressure Monitor prior to the intermittent exercise
protocol (pre), immediately after exercise (post) prior to the venous blood sample being
taken and subsequently 10 min after exercise had ceased (10 min). The peak RPM
achieved per sprint was also recorded, as well as the RPE using the 0-10 scale (Foster et
al., 2001) as well as the PRR (Karu et al., 2000) prior to each cycle sprint. All testing
was performed at the same time of day (participants arriving between 0830 and 0900) in
order to control for any circadian variations that may affect results as mentioned in

chapter 4, and to match the previous chapter where possible.

Capillary blood samples were taken for the measurement of acid base characteristics
(pH, H*, lactate, hematocrit (Hctc) and base excess) at rest, immediately post exercise
(post) then subsequently at the same time points as venous blood sampling (45 min, 90
min, and 180 min) and were analysed as described in section 3.6.1. Venous blood
samples for subsequent MP quantification were made as described in section 3.6.2.
Blood draws were made immediately before exercise (Rest), immediately post exercise
(Immediate), 45 min post exercise (45 min), 90 min post exercise (90 min), and 180 min

post exercise (180 min).

The concentration of CD105+ MP and CD106+ MP were measured by FC. Preparation

of blood for MP quantification and analysis can be found in section 3.7.
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5.2.3 Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics 19.0. Central
tendency and dispersion of the sample data are represented as the mean = SD. Any
changes in biochemical markers across time were analysed using a paired samples t-test,
and data is expressed as concentrations of MP per ul of PFP. Maximum HR percentages
were calculated using the well-established Karvonen formula of 220-age (Camarda et
al., 2008). The change in acid base status and hemodynamic values from rest over time
were investigated using paired samples t-tests with Sidak adjusted p values to control
for family wise type | error rate. All of the data are presented as standard deviation of
the mean (x SD) unless stated. Two tailed statistical significance was accepted at p <

0.05.

5.3 Results

5.3.1 Acid base homeostasis

The change in acid base variables as a result of exercise are displayed in Table 5.1 pH
decreased significantly from resting values (pH = 7.41) to immediately post exercise
(pH = 7.23; p < 0.001), at 45 min post exercise (p = 0.018) and at 90 min post exercise
(p = 0.002). pH was also significantly greater when compared with immediately post
exercise values at 45 min (p < 0.001), 90 min (p < 0.001) and 180 min post exercise (p
< 0.001). Blood lactate values showed a significant increase from resting values (lactate

= 1.32 mmol/L) to a peak immediately post exercise (lactate = 11.93 mmol/L; p <
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0.001). Lactate remained significantly higher compared to rest at 45 min (p <0.001) and
90 min post exercise (p = 0.021). Lactate was significantly lower and showing a trend of
returning to baseline levels when compared with the peak immediately after exercise at
45, 90 and 180 min post exercise (p < 0.001). When compared to 45 min post exercise,
lactate was significantly lower at 90 min (p = 0.004) and 180 min post exercise (p <
0.001). Levels of H" were significantly higher compared to resting values (H* = 38.34)
and at a peak value immediately after exercise (H* = 60.6; p < 0.001). H" remained
higher 45 min (p = 0.012) and 90 min post exercise (p = 0.019). When compared to
immediately after exercise, H" showed a trend of declining to baseline levels and were
significantly lower at 45 min (p < 0.001), 90 min (p = 0.023) and 180 min (p = 0.011).
Base excess displayed significant decreases immediately after exercise (p < 0.001), 45
min (p = 0.003), 90 min (0.004) and 180 min post exercise (p = 0.005). Base excess
began to rise back to baseline levels when compared to the peak value immediately post
exercise at 45, 90 and 180 min post exercise (p < 0.001). Hctc was only significantly

lower to resting values at 45 min post exercise (p = 0.02).
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Table 5.1 Acid base characteristics (pH, lactate, H", Hctc, and base excess)

measured at rest, immediately, 45, 90 and 180 min post exercise (means + SD).

Variable Rest Immediate 45 min 90 min 180 min
pH 741+  7.23+0.04° 7.35+ 7.39 7.40 +
0.01 0.03%* +0.01% 0.02°

Lactate 132+ 11.93+152° 526+1.24°  2.06+ 1.64 +
(mmol/L) 0.46 0.53%° 0.37

H+ 3834+ 60.6+589° 4757+ 405 + 40.19 +
1.99 7.12%® 1.69%° 1.41°

Hctc (%) 39.74+ 4124359 385+ 39.77 + 40.09 +
3.13 4.44° 4.60 4.97

Base excess 1.28 = -13.14 £ -5.12 + -1.28 £ 0.44
(mEq/L) 0.57 2.52° 2.75% 1.64%° 0.68%°

%significantly different to rest (p < 0.05), °significantly different to immediately post (p
< 0.01), ®significantly different to 45 min (p < 0.05).

5.3.2 Performance data

5.3.3 SBP, DBP, HR and % HRmax

Table 5.2 shows the SBP, DBP, HR and % maximum HR at rest and during exercise,
then for the recovery period after exercise. Data shows that SBP rose significantly
immediately after exercise (p < 0.001) compared with resting values, and then
decreased significantly (p < 0.001) during a recovery period of 10 min post exercise

bout. SBP at 10 min post exercise had returned back to resting levels. The peak SBP
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value was a mean of 139 mmHg, achieved immediately post exercise. Notably, DBP did
not significantly alter at all as a result of exercise and returned to a level very similar to
resting values. As expected, HR rose significantly from resting values to the peak
obtained during exercise and immediately post exercise (p < 0.001). The peak HR
recorded during exercise elevated to a mean of 176 b'min™, which was the equivalent of

90% of maximum HR using the Karvonen formula (Camarda et al., 2008).

Table 5.2 SBP, DBP, HR and percentage of maximum HR recorded at rest, during,
immediately after exercise, and during post exercise recovery in participants
(means + SD).

Rest Peak during Immediate 10 min
exercise
SBP (mmHg) 121.1+10.21 n/a 161.0 + 8.98° 126.8 + 6.86°
DBP (mmHg)  77.1+6.71 n/a 77.7 + 6.68 77.6 £5.97

HR (bmin®)  73.1+£398 176.2+8.46°  163.7+10.47*  85.8+7.18"™
Maximum HR  37.38+2.73  90.02 + 4.51° 83.65 + 5.64* 43.84 + 3.76°

(%)

® significantly different to rest (p < 0.001), ° significantly different to rest (p < 0.05),
® significantly different to immediate (p < 0.001), ¢ significantly different to peak during
exercise (p < 0.001). n/a denotes no test performed for that specific time point.
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5.3.4 RPE, PRR and RPM and HR during exercise

PRR and RPE both showed linear trends as they decreased and increased respectively
across the sprints with significant pair wise comparisons across almost all sprints (Fig
5.1). There was a significant main effect for time found for PRR (F = 12.968, p < 0.001)
and RPE (F = 34.128, p < 0.001). This suggests that as the sprints went on, participants
perceived each subsequent sprint to be physically more demanding. A final sprint RPE
score of 8.4 £ 1.17 shows just how physically exerting participants found the exercise
bout. Equally, a PRR score in the final sprint of just 2.35 £ 0.75 shows just how

demanding this exercise bout was perceived to be.

RPM decreased steadily as the sprints progressed as expected and there were several
significant pair wise comparisons across sprints (Fig 5.1). There was a significant main
effect for time found (F = 3.982, p < 0.001). Notably, there was no sign of any
improvement from sprint 9 to sprint 10 (decrease from 134.3 £ 11.78 to 132.6 + 12.33)
even though participants were aware that was the final sprint, which strengthens the

high intensity nature of the exercise.

HR reached a peak value after sprint 7 (175 bmin™), which was a 10% increase from
that recorded after sprint number 1 (Fig 5.1). For the remaining few sprints, HR
remained very close to this peak value but with a slight decrease. Additionally,
HRecovery Showed a significant main effect for time (F = 39.574, p < 0.001), indicating
an increase in HRyecovery @S sprint number increased. The HRyecovery NEVer increased
significantly beyond the level it reached after sprint 3, and nor did it fall significantly

thereafter.
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Fig. 5.1 Performance measures during exercise. A displays HR (both recovery and
peak) as sprints progressed. B shows the peak RPM achieved for each sprint, C
indicates the RPE scores with increasing sprints, and D displays the PRR of
participants. Significance marks have been left out for better clarity due to the
great amount of significant data between data points. Error bars represent mean +
SD.
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5.3.5 CD105+ MP

Levels of CD105+ MP are expressed at rest and during a 180 min post exercise
recovery period are represented in Fig 5.2. CD 105+ MP were significantly different
from immediately post exercise to 90 min post exercise (p = 0.042), characterised by a
mean increase from 791 CD105+ MP per pl PFP immediately post exercise to 1574
CD105+ MP per pul PFP at 90 min post exercise, a mean increase of 92.3%. CD105+
MP also decreased from the peak value down to levels that appear close to resting levels

at 180 min post exercise, however no significance was found.
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Fig. 5.2 CD105+ MP at rest and immediately, 45, 90 and 180 min post exercise in
participants. Data represented as the concentration of CD105+ MP per ul PFP
(mean + SEM). @ significantly greater than immediately post exercise (p = 0.042).

Error bars represent mean = SEM.
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5.3.6 CD106+ MP

Levels of CD106+ MP are expressed at rest and during a 180 min post exercise
recovery period are represented in Fig 5.3. CD106+ MP were increased from 1959
CD106+ MP per ul PFP at rest, to 2880 CD106+ MP per ul PFP at 90 min post
exercise, an increase in 104.5%. Despite this, there was no significant difference in
CD106+ MP. CD106+ MP also decreased from the peak value down to levels that

appear close to resting levels at 180 min post exercise, however no significance was

found.
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Fig. 5.3 CD106+ MP at rest and immediately, 45, 90 and 180 min post exercise in
participants. Data represented as the concentration of CD106+ MP per ul PFP

(mean £ SEM). Error bars represent mean £ SEM.
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5.4 Discussion

This chapter provides evidence that exercise of a highly strenuous nature is sufficient to
elicit ED in healthy females, and that signs of a rapid recovery of the endothelium is
evident. The study further strengthens the evidence for the use of such markers as a

measure of EF.

In comparison to the findings in chapter 4, it is visible from Fig 5.2 and Fig 5.3 that the
trend of EMP quantity follows an almost identical pattern for both markers used, more
of which is detailed in chapter 9. Females showed a peak at 90 min for both markers,
and a trend for a return to basal levels at 180 min, which is the same as the healthy
males study. However, the only significant value in this study was for CD105+ MP
from immediately post exercise to the peak at 90 min. As discussed earlier, Toth et al
(2007) are a group who assessed if there were any gender specific differences in the
amount of MP in healthy males and females. EMP (CD62E+) were elevated in women
compared with men. It is also intriguing from this study that circulating MP were
maximal during the luteal phase of the menstrual cycle, because this may suggest an
unknown influence of ovulation and luteal function on the release of MP (Toth et al.,
2007). This may also reflect the low overall physical activity in females compared to
males, which eventually leads to impaired EF (Hwang et al., 2012). It would have been
useful and of clinical value to have recorded the menstrual phase of the individuals in

this chapter.
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Another aim of this study was to determine the pattern of ED post exercise by adding in
an extra blood draw at 45 min post exercise, as it would be assumed that the higher the
level of EMP the greater the ED. In the male study in chapter 4, the peak value was
found to be at 90 min post exercise, but it was unclear if levels of EMP were actually
falling, or still rising. In the present chapter, the greatest amount of ED was indicated to
occur at 90 min post exercise for both markers of EF. The addition of 45 min sampling
showed that CD105+ MP were higher than at baseline, but CD106+ MP was actually
lower than baseline levels, allowing to draw a speculative assumption that that the
greatest amount of ED occurs between 45 min and 180 min post exercise. This finding
has possible impact and relevance in prescribing exercise programmes and in recovery,
suggesting that the endothelium expresses greatest detriments approximately 1 to 3 hr
post intense exercise, but should recover or show signs of recovery in both healthy male
and female individuals within 3 hr of strenuous activity. MP production and clearance
has been studied in animal models, but very few studies have investigated human
clearance (Rank et al., 2011). Augustine et al (2014) recently investigated a large cohort
of 119 patients referred for stress echocardiography. After FC analysis, EMP (CD31+
CD41-) were elevated immediately after a stress echocardiogram and decreased to
baseline levels after 1 hr. These findings show that EMP released during cardiac stress
are significantly reduced within 1 hr, meaning that EMP are cleared from the circulation
during this time. Although the stress induced and marker of EF differed, these results
owe to those in the present chapter in that there is an obvious decrease, and therefore

clearance, in MP following exercise stress within hours.
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It is known that certain subtypes of MP, more commonly PMP, increase after strenuous
exercise in healthy individuals (Maruyama, Kadono & Morishita, 2012; Sossdorf et al.,
2011), suggesting that MP release is intensity dependent and that MP have a
physiological function to remove stress induced cellular by products (Augustine et al.,
2014; Dignat-George & Boulanger, 2011). There were similarities between a study that
looked at MP release after anaerobic exercise and the present chapter (Maruyama,
Kadono & Morishita, 2012). Drawing comparisons is difficult however, not only
because Maruyama, Kadono & Morishita (2012) measured PMP, but they also used an
ELISA technique, which differs to that used in this chapter. This group studied 18
healthy volunteers which was a combination of 9 male and 9 female participants, with a
mean age difference of just 3 years to the current chapter. When referring back to the
results of this chapter, the exercise intensity adhered to in Maruyama, Kadono &
Morishita (2012) study are lower, as a mean maximal HR of 90% was met in the present
study compared to 85% in the aforementioned study. This group also measured SBP
post exercise, and this figure was significantly higher immediately after exercise,
possibly accounting for the elevations in PMP. PMP levels were significantly increased
after exercise, and were prolonged for up to an hr after exercise. The fact that this
experiment combined male and female data means it is not clear if gender specific
differences affect MP release after acute exercise. The fact that SBP significantly
increased after exercise in the current study may also account for the increase in EMP
that was seen post exercise. The significant increases in HR both during exercise, and

immediately post exercise, may also contribute to the rises in EMP that were witnessed.

In conclusion, a strenuous bout of acute exercise is enough to elicit a significant rise in

EMP in a group of healthy females. This population is also capable of showing recovery
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of the endothelium towards resting levels within 3 hr. These findings also lead towards
shear stress as an important factor in the release of EMP (Sossdorf et al., 2011; Vince et
al., 2009b) as shown by the high levels of exercise intensity and significant increases in
HR and SBP after exercise, although these were not tested sufficiently to correlate with
EMP quantity. This chapter further strengthens the use of CD105+ MP and CD106+
MP as markers of EF in a population of healthy females, adding to the concept of use in

healthy males from the previous chapter.
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Chapter 6: Investigation into the effect of a long duration
intermittent cycling protocol on the EMP release in healthy

males
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6.1 Introduction

The previous two chapters studied the effects of highly strenuous, acute exercise on
EMP release and the use of CD105 and CD106 as novel biomarkers to characterise the
endothelial response to exercise in healthy individuals. The findings showed that in both
males and females, EF appears to be most impaired at 90 min post exercise, and that the
endothelium has the ability to repair itself within a relatively short time frame of 3 hr.
Little is known about the acute effects of prolonged, strenuous exercise on the vascular
endothelium as this area has not been well studied (Dawson et al., 2008). However,
there have been recent studies that have attempted to look at a more prolonged bout of
acute exercise on the endothelium in healthy individuals using an array of assessment
methods (Bartzeliotou et al., 2007; Jee & Jin, 2012; Ramirez-Velez, Ramirez & Aguilar,

2010; Smith et al., 2013).

Ramirez-Velez, Ramirez & Aguilar (2010) tested the femoral artery (FA)-FMD,
posthyperemic FA diameter (FA-P) and baeline FA diameter (FA-B) changes of 9
healthy recreational male runners participating in a half marathon (21,097 m distance,
completed in a range of 96-121 min). FMD was recorded prior to the race and at 1, 24,
48 hr and 6 days post race. One hr after the race, EF was impaired significantly when
compared to resting levels, but returned back to baseline levels thereafter as measured
by changes in FA-FMD. Dawson et al (2008) confirmed these findings following the
London Marathon (distance 42.2 km) in 15 healthy, non-elite males. FA-FMD was
reduced post marathon, whereas BA-FMD was not impaired, suggesting a depressed EF
as a result of prolonged exercise. Further to this, Smith et al (2013) performed a case

study on 3 marathon runners participating in a full marathon (26.2 miles) and the
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runners were selected due to their differences in training history and fitness levels. One
runner had a history of marathon running (participant A), one was relatively new to
running but was following a standard marathon training schedule (participant B), and
one ran very minimally but participated regularly in HIIT (participant C). BA-FMD was
used to assess EF at baseline, within 90 min of crossing the finishing line and at 24 and
48 hr following the race. All participants showed impaired EF immediately following
the race compared with baseline values. All of the participants showed full restoration
of baseline FMD values by 48 hr post marathon race. There was however no statistical
analyses performed during this study, and so it is not possible to discuss the significance
of the data due to the limited sample size. Furthermore, it was not clear what impact
factors such as age, diet and body composition may have on the findings of this case
study because of the limited number of participants. The results of this case study did
however show that a single bout of prolonged, strenuous exercise resulted in
impairment of EF in the participants tested in agreement with other studies (Dawson et

al., 2008; Ramirez-Velez, Ramirez & Aguilar, 2010; Sossdorf et al., 2011).

There have been recent studies looking at MP release after moderate endurance exercise
of 90 min in duration. Sossdorf et al (2010) studied 16 males who underwent 90 min of
exercise on a cycle ergometer with a constant power of 80% of their individual IAT).
Blood samples for the measurement of EMP (CD62E+) as analysed by FC were made
pre, post, 45 min and 2 hr post exercise. CD62E+ MP levels remained unchanged as a
result of exercise. This group (Sossdorf et al., 2011) then studied 16 healthy males who
followed the exact protocol as above (Sossdorf et al., 2010) but divided participants up
into 8 trained (VOamax > 65 mI'min™kg™) and 8 untrained (VOzmax < 50 mI'min™kg™).
The exercise protocol resulted in a significant increase in CD62E+ MP in the trained

group 45 min after exercise had ceased, but not in the untrained group. This group
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suggested that the rise in EMP seen in the trained group may have been due to shear
stress factors, and this is supported by the data of Chen, Chen & Wang (2010) who
suggested that shear stress is a major trigger of MP release during physical exercise.
Sossdorf et al (2011) showed that there was a significantly higher SBP in the trained
group compared with the untrained group, at each of the measured time points during
exercise itself. Although the concentration of EMP was not correlated with SBP, it may
be suggested that the significant rise in EMP in the trained group may be due to the
significant rise in SBP compared with untrained individuals. This study may also
provide differences in the kinetics and dynamics of EMP release and clearance, as
evidenced from the almost continuous, steady increase in EMP in untrained participants,
reaching maximum levels at 2 hr post exercise (the final blood draw taken). However, in
the trained group, the peak value was reached at an earlier time point of 45 min post

exercise, and levels of EMP were falling at 2 hr post exercise.

The purpose of this chapter was to investigate the effects of a longer duration,
intermittent exercise protocol on levels of CD105+ MP and CD106+ MP in healthy
male participants and to investigate the possible relationship between changes in shear

stress and EMP release.
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6.2 Methods

6.2.1 Participant characteristics

Fourteen healthy, non-smoking, physically active male participants were recruited for
this study (mean x SD, height, body mass, age, absolute PPO and relative PPO: 179.5 £
5.5 cm, 76.5 + 6.8 kg, 23.2 + 2.9 years, 315 + 36 W and 4.15 + 0.59 Wkg™). None of
the participants had been training excessively in the past two months, nor had they been
supplementing their diet with any ergogenic aids prior to testing and ethical approval

and informed consent was gained (as detailed in section 3.1).

6.2.2. Experimental design

Participants reported to the laboratory on two separate occasions, each separated by one
week. Visit 1 considered of a PPO test (described in section 3.3), which preceded a
familiarisation to the intermittent cycling protocol. The following visit consisted of a 90
min intermittent cycling protocol which was made up of 10 x 9 min blocks. The 9 min
blocks began with 306 s at 40% PPO, followed by 60% PPO for 204 s, and then an 8 s
period with no load before participants were asked to sprint for 14 s at 120% PPO (in
the same sprint intensity used in chapters 4 and 5), before an 8 s recovery at no load
until the next block started again. HR was recorded prior to each sprint (HRecovery) and

after each sprint (HReax), and RPE and PRR were recorded prior to each sprint.
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6.2.3 Blood sampling

Capillary blood samples were taken at rest and at 18 min intervals during the exercise
for the measurement of acid base variables (pH and lactate) and analysed as described in

section 3.6.1 of chapter 3.

Venous blood samples for subsequent EMP quantification were made as described in
section 3.7, and were taken at rest, immediately post (immediate), 45 min, 90 min and
180 min post exercise and were analysed as described in section 3.7 and 3.7.1 of chapter

3. CD105+ MP and CD106+ MP were measured by FC as detailed in section 3.8.

6.2.4 Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics 19.0. Any changes in
biochemical markers across time were analysed using a paired samples t-test, and data is
expressed as the quantity of MP per ul PFP. The change in acid-base status and
haemodynamic values from rest over time were investigated using paired samples t-tests
with Sidak-adjusted p values to control for family-wise type | error rate. All of the data
are presented as means (£ SD) unless otherwise stated. Two-tailed statistical

significance was accepted at p < 0.05.
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6.3 Results

6.3.1 Acid-base homeostasis

Exercise significantly decreased pH and increased blood lactate compared to resting
levels (Table 6.1). pH rose to a peak value at 72 min and remained elevated 90 min into
exercise, which were both significantly greater than at rest (p < 0.001). Blood lactate
levels reached a peak value of 7.98 mmol/L (at 54 min) compared to a resting value of
1.26 mmol/L (p < 0.001). Lactate levels then declined significantly from this peak value

to the end of the exercise (p = 0.015).

Table 6.1 Acid base characteristics at rest and subsequently at 18 min intervals

throughout the exercise (means + SD).

Variable Rest 18 min 36 min 54 min 72 min 90 min

pH 741+  734% 735+ 7.36 7.38 + 7.38 +

0.01 0.022 0.02% 0.04%® 0.05% 0.04%°

Lactate 1.26 + 715+ 7.64 + 7.98 + 777+ 741 +

(mmol/L) 0.46 0.83° 0.77%® 1.54%¢ 1.43%° 1.05%%

% significantly different to rest (p < 0.001).” significantly different to 18 min (p <
0.001). © significantly different to 36 min (p < 0.001). %significantly different to 54
min (p < 0.05).° significantly different to 72 min (p = 0.020).
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6.3.2 HR data

HR data is shown in Fig 6.1. HRecovery Showed a consistent trend across the duration of
exercise whereby HRyecovery reached a peak value at sprint 4 (161 b'min™) and thereafter
this value was maintained within a very small range (159-161 b'min™) (Fig 6.1). There
was a significant rise in HRyecovery from sprint 1 to sprint 4 (p = 0.007), and this value
was still significantly greater at sprint 10 compared to the first sprint (p = 0.018). HRpeax
followed a steady increase as the exercise progressed for the first 3 sprints (rising from
170 to 174 bmin™) until values hit a plateau, with HR remaining at 174 bmin™ from
sprint 3 to sprint 8. HRyeax Was greatest at sprint 9 (176 bmin™), which was significantly

greater than sprint 1 (p < 0.001).
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Fig. 6.1 HRyecovery (black circles) and HRpeak (White circles) across sprints 1-10.
Significance marks and error bars have been left out for better clarity due to the

large amount of significant data between data points.

6.3.3 PRR and RPE and during exercise

PRR and RPE both showed linear trends as they decreased and increased respectively
across the sprints with significant pair wise comparisons across almost all sprints (Fig
6.2). There was a significant main effect for time found for PRR (F = 132.25, p <
0.0005) and RPE (F = 434.82, p < 0.0005). This suggests that as the sprints went on,
participants perceived each subsequent sprint to be physically more demanding. A final

sprint RPE score of 9.71 + 0.61 demonstrates just how physically exerting participants
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found the exercise bout. Equally, a PRR score in the final sprint of just 1.0 £ 0 shows

just how demanding this exercise bout was perceived to be.
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Fig 6.2 Performance measures during exercise. A displays RPE as sprints
progressed and B shows the PRR achieved for each sprint. Significance marks
have been left out for better clarity due to the large amount of significant data

between data points.
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6.3.4 CD105+ MP

CD105+ MP at rest and during the 180 min post exercise recovery is displayed in Fig
6.2. The mean quantity of CD105+ MP increased significantly from rest to a maximum
level at 90 min post exercise, which was a 66% increase (p = 0.019). Levels of CD105+
MP were also significantly higher at 45 min post exercise compared to rest (p = 0.013)
and immediately post exercise (p = 0.019). During recovery, CD105+ MP decreased
from 45 min to 180 min (p = 0.006) as well as from 90 min to 180 min post exercise (p
= 0.009), indicating a restoration of the endothelium. In fact, the concentration of
CD105+ MP had decreased from resting values to those measured at 180 min post

exercise (p = 0.04).
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Fig 6.3 CD105+ MP at rest, and immediately, 45, 90 and 180 min post exercise in
participants (n =14). Data represented as the concentration of CD105+ MP per pl
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6.3.5 CD106+ MP

CD106+ MP at rest and during the 180 min post exercise recovery is shown in Fig 6.3.
The highest values of CD106+ MP were actually at rest, with a value of 3762 CD106+
MP per ul of PFP. This value was significantly greater than immediately post exercise
(p = 0.044), and 180 min post exercise (p = 0.015). Ignoring the value at rest, the peak

value post exercise was at 45 min (3317 CD106+ MP per pl PFP). The levels of
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CD106+ MP declined significantly from 45 min to 180 min post exercise (p = 0.022),

and also from 90 min to 180 min (p = 0.04).
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Fig. 6.4 CD106+ MP at rest, and immediately, 45, 90 and 180 min post exercise in
participants (n =14). Data represented as the concentration of CD106+ MP per pl
PFP (mean + SEM). ?significantly different to rest. ° significantly different to 45
min post exercise. ¢ significantly different to 90 min post exercise. Error bars

represent mean + SEM.
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6.4 Discussion

The main finding from this chapter is that a single bout of sustained high intensity
aerobic exercise is sufficient to elicit ED in healthy male participants and besides the
exhaustive nature of this exercise, their endothelium seems to be able to recover
effectively within 3 hr of ceasing exercise. Additionally, this chapter further strengthens
the use of CD105+ MP and CD106+ MP as markers of EF. Previous studies
(Bartzeliotou et al., 2007; Jee & Jin, 2012; Ramirez-Velez, Ramirez & Aguilar, 2010;
Smith et al., 2013; Sossdorf et al., 2011) have shown that a single bout of sustained high
intensity aerobic exercise resulted in impairment of EF in healthy participants, with
baseline values also restored within a relatively short time frame in those that measured
into recovery (Bartzeliotou et al., 2007; Ramirez-Velez, Ramirez & Aguilar, 2010;

Smith et al., 2013), following findings from the current chapter.

Considering that EMP are considered markers of ED (Horstman et al., 2004), then the
highest concentration of CD105+ MP and CD106+ MP within the circulation could
speculatively be regarded as the time at which EF is at its most poor, within the testing
period. This point occurred at 90 min post exercise for CD105+ MP, and when looking
at post exercise values for CD106+ MP, this value occurred 45 min post exercise.
Further to this, it may be suggested that the lowest concentration of these markers may
represent the time at which EF is most optimal. In both markers of EF, this point
occurred at 180 min post exercise, therefore representing the peak EF. These results
indicate that EF was impaired after exercise up to 90 min post exercise, and that the
endothelium was able to be restored thereafter. This finding is also consistent with the

previous two experimental chapters, as the exercise in these two chapters produced the
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greatest detriment in EF 90 min post exercise within the time frame measured. Sossdorf
et al (2011) also demonstrated that CD62E+ MP were highest 45 min after exercise of
moderate intensity (80% IAT) in a ‘trained’ group of healthy male participants,
suggesting that the highest level of ED occurred within this time period after exercise as
determined by this biomarker. Participants in the current chapter were not assessed in
terms of their VO,max Scores, but the fact that they were all able to successfully
complete this demanding exercise bout is suggestive of a group of trained athletes
accustomed to sustained high intensity aerobic exercise. Additionally, the HRpea and
HRrecovery measured during exercise in the current chapter appear higher than those
recorded in the study by Sossdorf et al (2011) for both trained and untrained groups,
albeit measured at slightly different time points during exercise. Future work may be
useful in studying the release kinetics of MP during exercise, but would require a
continuous set of blood draws and the difficulties of practically assessing this would be
high. Sossdorf et al (2011) are only able to speculate the difference in kinetics of MP
release between their two groups (trained and untrained). It may be suggested however
that this speculated difference is due to the significant differences between the two
groups in terms of their performance measures, as the trained group had significantly
higher maximum power, IAT and relative heart volume, meaning it is difficult to

compare groups, particular based on only four blood draws.

Jee and Jin (2012) investigated the EF response to a 308 km ultra-marathon race in 24
male marathon runners. This marathon places huge physical demand on the athletes
participating, and the distance covered is significantly greater compared to the current
chapter and other studies previously mentioned (Ramirez-Velez, Ramirez & Aguilar,
2010; Smith et al., 2013). Jee and Jin (2012) assessed EF by identifying changes in

serum markers through an ELISA technique 2 hr before, 100 km into, 200 km into, and
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immediately after (at 308 km) the ultra-marathon. Serum analysis of creatine kinase
(CK), CRP, TNF-a, sCD106 and sCD62E was carried out at the aforementioned time
points. This group showed that SCD106 and sCD62E were significantly increased, thus
suggesting EF was impaired, when compared with resting levels at each of the
measured time points. Levels of CK, CRP and TNF-a all showed significant increases
in the same manner as the soluble adhesion molecules measured. Unfortunately, blood
was only taken during the exercise itself and immediately post, and there was no
recovery data available in order to see any possible restoration of the endothelium. The
significantly greater increases in sCD106 and sCD62E at 100 km and again at
subsequent time points suggest a relationship between exercise intensity and EF, a
finding suggested in the current chapter as well as previous research (Chen, Chen &
Wang, 2010; Nielsen & Lyberg, 2004; Sossdorf et al., 2011). Also, in the study by Jee
& Jin (2012), a significant relationship was found between running speed and sCD106,
whereby increased levels of sSCD106 were strongly correlated to running speed, further

supporting a positive relationship between vascular function and exercise intensity.

The current chapter witnessed significant changes in HR (Fig 6.1), lactate and pH
(Table 6.1), suggesting that this protocol can be considered an exhaustive exercise
protocol in a group of physically active, healthy persons. This was further evidenced by
a significantly increased RPE score and significantly reduced PRR score (Fig 6.2) from
the onset of exercise, and one that corresponded to maximal effort in the final part of
exercise (Foster et al., 2001). This further supports that a relationship may exist between
exercise intensity/shear stress factors and EF (Jee & Jin, 2012; Sossdorf et al., 2011),
adding to the suggestion that these mechanisms contribute to EMP release (Vince et al.,
2009Db). Very recently, Jenkins et al (2013) were able to show in vivo that disturbed

blood flow acutely induces endothelial activation and apoptosis, as reflected by a
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release of activated (CD62E) and apoptotic (CD31+/CD42b-) EMP measured by FC.
Ten healthy male participants were studied and cuff inflation occurred on the one arm,
while the other arm was used as a control arm for a period of 20 min. This study
provides data of an in vivo experiment of disturbed blood flow inducing endothelial
damage in healthy humans. Due to the complex design and implementation issues that
would be required, the present chapter was unable to measure shear stress in detail, but
future work should investigate this further by incorporating shear stress measurements
during exercise modes and a recovery period in order to quantify and form relationships
with EMP and shear stress in humans more closely. This paper also reflects upon a
mechanism that may be inducing this endothelial response. Jenkins et al (2013) suggest
that disturbed blood flow confers an injurious stimulus, as would be seen during
exercise, and it would therefore be reasonable to expect that circulating EMP could
preferentially originate from classically atheroprone parts of the vasculature (e.g. branch
points, curvatures, bifurcations), as these regions are characterised by disturbances in
flow (Jenkins et al., 2013). Exhaustive, intense exercise induces various significant
physiological changes such as an increased heat production, HR, leukocyte count and
shear stress (Suzuki et al., 1999). Additionally, increased blood flow is an observation
common with increased exercise (Bartzeliotou et al., 2007), existing due to higher
oxygen demand in the working muscles and a subsequent increase in cardiac output (Jee
and Jin, 2012). Increased exercise intensity causes an increased resistance or laminar
shear force by the blood on the blood vessel walls which could be enough to elicit
activation of endothelial cell markers (Marsh and Coombe, 2005; Stewart et al., 2004),

as seen in the present chapter.

This chapter was able to demonstrate that a prolonged bout of strenuous cycling

exercise was sufficient enough to observe some endothelial damage in healthy male
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participants as evidenced by a significant change in CD105+ MP. This chapter also
showed that although the exercise was exhaustive in nature, the endothelium in these
participants recovered effectively within the time frame analysed. There is further
suggestion that shear stress factors appear to be important in the release of EMP and

warrants further detailed investigation as a result of exercise (Jenkins et al., 2013).
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Chapter 7: EF response to acute exercise in healthy,
sedentary individuals measured using EMP and EndoPAT-

2000
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7.1 Introduction

A healthy endothelium generally exerts a vasodilator response on vascular smooth
muscle (Axtell, Gomari, & Cooke, 2010). As already discussed in previous chapters, a
number of methods exist for assessing EF, including EMP (Horstman et al., 2004) and
FMD (Barac, Campia & Panza 2007). Emerging evidence has supported the assessment
of digital PAT as a measure of EF using the EndoPAT-2000 device, which is a new
approach to assessing EF in a rapid, non-invasive manner (Axtell, Gomari & Cooke,
2010; Hamburg & Benjamin, 2009). The device works by recording endothelium-
mediated changes in the digital pulse waveform known as the PAT signal, which are
measured by a pair of plethysmographic probes situated on the index finger of each

hand (Axtell, Gomari & Cooke, 2010).

Previous studies investigating the relations of EndoPAT-2000 and clinical risk factors
have been limited to small, selected samples (Hamburg & Benjamin, 2009).
Furthermore, studies that have assessed both EndoPAT-2000 and EMP are very limited,
and this remains a particular novel area of research (Bruyndonckx et al., 2013). A very
recent study looked at assessing serum concentrations of sCD54, sCD106, sCD62E and
sCD62P by ELISA. This group also measured EF by EndoPAT-2000 in in 25 women
with PCOS alone, or PCOS and non-alcoholic fatty liver disease (13 with Non-alcoholic
fatty liver disease; NAFLD, 12 with PCOS only) (Dawson et al., 2014). All of the
aforementioned variables were the same in both groups, and the results of this study
may suggest that there is no difference in the measure of EF when using EndoPAT or
serum markers of EF (CD54, CD106, CD62E and CDG62P), although statistical

significance between the assessment methods weren’t tested specifically.
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RH-PAT has previously been shown to correlate with other measures of EF. BA-FMD
was correlated with RH-PAT in male and female patients suffering with chest pain
(Kuvin et al., 2003). Eighty-nine patients in total were assessed (54 men and 35 women)
by EndoPAT-2000 and compared with the findings from data using BA-FMD in the 89
subjects. A linear relationship was present between the PAT hyperaemia ratio and
FMD, supporting the concept that analysis of PWA with PAT during reactive
hyperaemia may be used to study EF. EndoPAT is used due to its non-invasive manner,
and has been shown to be a suitable tool to assess ED (Flammer et al., 2012). The
EndoPAT was developed because of the limitations in the FMD, which include being
operator dependent (Vogel, Corretti & Plotnick, 2000), and that it is only measured in
one arm (Moerland et al., 2012). Results from a recent Framingham Heart Study
(Hamburg et al., 2008b) provided positive, reliable data when using the EndoPAT-2000
device. Almost 2,000 individuals were assessed and the EndoPAT-2000 was shown to
have an inverse association with several cardiovascular risk factors, such as BMI,
total/HDL cholesterol, diabetes and smoking, with a positive association found with age
(Hamburg et al., 2008b). Despite these positive findings, contrasting results do exist
(Moerland et al., 2012). A recent study investigated acute changes in EF using
EndoPAT-2000 in 6 renally impaired patients and 16 male and female patients with
T2DM (Moerland et al., 2012). Results showed that EF in renally impaired and T2DM
patients was not different when compared to healthy volunteers using the EndoPAT
(Moerland et al., 2012). Furthermore, the EndoPAT-2000 failed to detect the effect of
robust interventions on EF in healthy volunteers, such as glucose loading (75 g glucose
in 300 ml consumed within 4 min) and smoking (6 males were smokers ranging from 1-
20 cigarettes per day, and participants smoked a cigarette within 4 min of baseline

measures), when measured at 30 and 90 min after these respectively. These findings
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therefore suggest that EndoPAT-2000 may not be suitable to assess any change in EF in

clinical pharmacological studies.

There is a keen interest in studying peripheral cutaneous blood flow responses to
exercise due to the unique physiology governing this stressor (Rozanski et al., 2001).
Core body temperature is known to increase during exercise, and so the central nervous
system selectively decreases its tonicity to the peripheral cutaneous vascular beds, then
prompting peripheral vasodilation (Yarbrough & Bradham, 1998). In turn, the increase
in finger pulsatile blood volume is an expected response to exercise (Rozanski et al.,
2001). The effects of exercise on the EndoPAT score has not been studied extensively
(Onkelinx et al., 2012), but recently Kurose et al (2012) looked at the improvement in
EF after a six month exercise programme. Forty-three obese patients underwent 30 min
on a cycle ergometer or treadmill 3 times a week for 6 months. EndoPAT-2000 was
used to assess EF at baseline and at 6 months follow up after the exercise programme.
Significant improvements were observed in the RH-PAT index after the programme,
and analysis revealed that changes in IR were independently correlated with changes in
the RH-PAT index and was the only independent factor influencing improvement in EF.
In terms of acute exercise, Chenzbraun et al (2001) investigated the effects of exercise
on vascular responses evaluated by PAT in 30 participants with coronary artery disease
(CAD) and 30 healthy participants. Altered peripheral vascular responses were detected
during and 3 min after a Bruce exercise protocol (Chenzbraun et al., 2001).
Interestingly, compared to baseline, the EndoPAT-2000 scores at peak exercise
decreased in the participants with CAD, but increased in the controls, showing a

different pattern in those with risk factors for atherosclerosis.
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The aim of this chapter was to profile the effect of acute exercise on the endothelial
stress response in healthy, but otherwise sedentary individuals in comparison to the
trained participants used previously, and to investigate the effects of exercise and the
correlation between the use of EMP and EndoPAT-2000 for determining EF in both

male and female participants.

7.2 Methods

7.2.1 Subject characteristics

Ten healthy, non-smoking participants volunteered for the study, 4 female (mean + SD,
height, body mass, age, VOomax: 174 £ 6.9 cm, 72.9 + 13.1 kg, 30 + 8.9 years, 31.74 £
4.6 ml’kg'min™). All ethical approval and pre-test procedures were made in accordance
with the information that was provided in general methodologies in section 3.1. An
additional inclusion criterion was that all participants were sedentary (no history of

regular exercise in the past three months) prior to testing commenced.

7.2.2 Experimental design

Participants reported to the laboratory on two separate occasions, each separated by one
week. Visit 1 consisted of an initial screen (anthropometric data and eligibility to the
study) and a sub-maximal exercise test as described in section 3.4 in order to determine

the exercise intensity for visit 2.
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Visit 2 was carried out following an overnight fast, and began between 0730 and 0800
am. The protocol began with the collection of venous blood samples (section 3.6.2) for
the measurement of EMP (section 3.7), and then the patient was asked to lay supine on
a bed for 15 min completely at rest. EF was then measured using the EndoPAT-2000
device in a manner as described in section 3.8. Due to certain constraints, this device

was used at baseline and immediately post exercise only.

7.2.3 Blood sampling

The expression of CD105+ MP and CD106+ MP were measured by FC after venous
blood samples were taken at rest, post and 60 min post exercise, and analysed as

described in section 3.7.1.

7.2.4 Exercise protocol

The participants began their exercise once the baseline measurements as detailed above
had been completed. The participants began with a warm up at 3.5 kmrhr* for 5 min,
and then the treadmill speed was increased until a steady state exercise capacity had
been reached coinciding with 60% of their individual VO2max Scores. Gas measurements
were collected after the warm up period for 10 min (section 3.6), and then again at 30
min in to the exercise protocol for a further 10 min in order to check the intensity
remained correct. If the intensity was outside of a 10% range either side of the desired

intensity then the speed of the treadmill was altered accordingly. HR was measured
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throughout and RPE was measured every 10 min. Immediately after the exercise,
participants were asked to leave the treadmill and return to lay supine on the bed where

the subsequent analyses of EF were made.

7.2.5 Statistical Analysis

All were performed using IBM SPSS Statistics 19.0. All of the data are presented as
means and standard deviation of the mean £ SD unless stated. The change in variables
and biochemical variables across time were analysed using paired samples t-test.
Relationships between EMP and RHI were analysed using Pearson Correlation

Coefficients. Two-tailed statistical significance was accepted at p < 0.05.

7.3 Results

7.3.1 Baseline characteristics

Table 7.1 shows the baseline characteristics of participants in this experiment. The mean
RHI value was 2.43, which shows that the levels were of a preserved EF (a level of >
1.6) (Bonetti et al., 2004). Only one participant showed a value at baseline to be below

this value (RHI = 1.49).
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Table 7.1 Baseline characteristics of participants showing the mean body mass,
SBP, DBP, VO,max, BMI, RHI, fRHI and Al. Data represented as means + SD (n =
10).

Baseline variable Value

Body mass (kg) 729+13.1
SBP (mmHg) 127 +11.5

DBP (mmHQ) 71.4+9.3
VOzmax(ml/min/kg™) 31.7+ 46
BMI (kg/m?) 24.0+35

RHI 2.4+0.8
Framingham RHI (fRHI) 1.05+04
Augmentation Index (Al) 3.2+25.2

Data represented as mean £ SD.

7.3.2 Effects of exercise on blood marker measurements

Table 7.2 shows that SBP and DBP were not significantly altered as a result of exercise.
RHI rose from 2.43 to 2.57 post exercise, but this was not a significant rise (p = 0.35).
Al was significantly reduced from a baseline value of 3.2 to a post exercise value of -
10.5 (p = 0.02). fRHI was also decreased from 1.05 to 0.75 post exercise, but this was

not significantly different (p = 0.051).
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Table 7.2 Characteristics of participants showing the mean variables measured

from pre exercise to post, and 60 min after exercise (n = 10).

Pre Post 60 P-value P-value (pre  P-value (post
min (preto to 60 min) to 60 min)
post)
RHI 243+ 257% n/a 0.35 n/a n/a
0.76 0.88
SBP 127+ 1274+ nla 0.46 n/a n/a

(mmHg) 115 10.9

DBP 714 + 73.6 + n/a 0.27 n/a n/a
(mmHg) 9.3 59

Al 32+ -105+ n/a 0.02? n/a n/a
25.2 17.2

fRHI 1.05+ 0.75% n/a 0.051 n/a n/a
0.4 0.47

% significantly different at p < 0.05. n/a represents when the variable was not measured

at specified time point.

7.3.3 CD105+ MP

Levels of CD105+ MP showed a slight increase from rest to immediately post exercise,
rising from 2299 to 2607 CD105+ MP per pl PFP respectively, but this was not
significant (p = 0.840) (Fig 7.1). The levels of CD105+ MP then decreased 60 min post
exercise to a value of 1419 CD105+ MP per pl PFP, but again this change was not

significant from rest (p = 0.612) or immediately post exercise (p = 0.348).

151



5000 -

rZ2A CD105+ MP

4000 -
a
= —_—
(a9}
= 3000 w
&
N L
> o
£ 2000 - 7 / T
a
&)

s / /

0 I/ 1 / 1

Rest Immediate 60 min

Time point post exercise

Fig 7.1 CD105+ MP in healthy, sedentary participants at rest, immediately and 60
min post acute exercise. Data represented as the concentration of CD105+ MP per

ul PFP (means + SEM). Error bars represent mean + SEM.

7.3.4 CD106+ MP

CD106+ MP was reduced from baseline values to post exercise, with levels decreasing
from 2514 to 1368 CD106+ MP per ul PFP (p = 0.09) (Fig 7.2). The levels of CD106+
MP were lower at 60 min post exercise compared to resting values, decreasing from

2514 to 1294 CD106+ MP per ul PFP respectively (p = 0.073).
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Fig 7.2 CD106+ MP in healthy, sedentary participants at rest, immediately and 60

min post acute exercise. Data represented as the concentration of CD106+ MP per
pl PEP (means + SEM). Error bars represent mean + SEM.
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7.3.5 Correlation of EndoPAT-2000 data with EMP

7.3.6 CD105+ MP

The higher levels of CD105+ MP correlated with lower scores of RHI, r = -0.327 which
can be considered a medium effect, but was not significant (p = 0.171) (Fig 7.3).
Elsewhere, CD105+ MP were not correlated to fRHI (r = -0.0293, p = 0.211) or Al (r =

0.160, p = 0.502).
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Fig 7.3 RHI correlated with CD105+ MP (r =-0.327).
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7.3.7 CD106+ MP

The levels of CD106+ MP were not significantly correlated with the lower RHI scores
(r =-0.087, p = 0.717) (Fig 7.4). CD106+ MP showed no correlation with fRHI (r = -

0.012, p =0.959) or Al (r =0.026, p = 0.914).
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Fig 7.4 RHI in all participants correlated with CD106+ MP (r = -0.087).

7.4 Discussion

The major cause of morbidity and mortality worldwide is atherosclerotic vascular
disease, leading to a number of disorders, such as stroke, myocardial infarction, heart
failure, renal insufficiency or intermittent claudication (Pasternak et al., 2004;

Mozaffarian, Wilson & Kannel, 2008). ED is one of the earliest events in the
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pathophysiological process that leads to these atherosclerotic disorders (Davies, 2007).
Further to this, ED then contributes to the progression of disease by contributing to
inflammation and thrombosis (Libby, Ridker, & Hansson, 2009). Measurement of ED is
therefore hugely invaluable, and can be detected in seemingly healthy individuals that
are at risk of developing CVD (Celermajer et al., 1992). As reported, detection of ED
can be predictive of major adverse cardiovascular events as well as mortality, and this

chapter evaluates the use of two different methods of assessing ED.

The main findings from this chapter are that EMP were not elevated by an acute bout of
exercise of moderate intensity exercise for 60 min in duration. This chapter also
reiterates the finding that EMP seem to recover within a relatively short time frame in
healthy individuals, even those who are sedentary and not trained participants as seen in
previous chapters. This was shown by a decrease from baseline values compared with

60 min post exercise in both CD105+ MP and CD106+ MP.

In contrast to chapters 4 and 5, this intensity of acute exercise was unable to elevate
levels of EMP, and actually decreased markers of EF in sedentary participants. The
exercise intensity was much lower in this chapter, with participants exercising at just
60% of their VO,max, In contrast to the previous chapters, whereby exercise was highly
exhaustive, with intensity corresponding to 120% PPO in parts and very strenuous in
nature. This again suggests that EMP release may be linked to exercise intensity, a
finding shown previously after strenuous exercise was able to increase MP in the
circulation of healthy individuals (Rehman et al., 1997; Sossdorf et al., 2011). However,
in comparison to the findings from the current chapter, exercise does not always

increase levels of MP (Guiraud et al., 2013). This group studied 19 males with stable
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CHD, and in a random order, they underwent a high intensity interval and a moderate
intensity continuous exercise session (28.7 min at 70% PPO) on a cycle ergometer. The
high intensity interval training session involved two 10 min sets composed of repeated
bouts of 15 s at 100% of PPO interspersed by 15 s passive recovery intervals. EMP
(CD31+, also known as PECAM-1, and/or CD62E+) and PMP (CD42b+) were
measured by FC 10 min before exercise, and 20 min, 24 hr and 72 hr after exercise.
EMP and PMP levels were unchanged after exercises suggesting this particular protocol
was not sufficient enough to elicit ED. The participants studied in the Guiraud et al
(2013) study were CHD patients, and it is known that patients with CHD are
characterised by ED (Liao et al., 2014), suggesting a potentially abnormal response to
exercise compared with healthy individuals. Additionally, the time points chosen to
measure EMP may not be the most robust in order to measure the effects of an acute
bout of exercise on ED, and this study used different markers to measure EF, making

comparisons difficult.

This study was able to show that the endothelium was unaffected by a very modest bout
of exercise in healthy, otherwise sedentary individuals, as evidenced by no change in
RHI measured by EndoPAT-2000. Additionally, no significant changes in
concentrations of CD105+ MP and CD106+ MP were found as a result of acute
exercise. Although this study was unable to show a significant correlation between EMP
levels and RHI, there was a trend for participants with higher EMP levels to have lower
RHI scores, as indicated by a medium effect of CD105+ MP and RHI (Fig 7.3). This
relationship observed links with a recent in vivo study by van lerssel et al (2012) who
assessed both EndoPAT-2000 and EMP (CD31+/CD42b-) in 5 healthy volunteers (3
females) free of any cardiovascular risk factors. EMP were defined as particles that
were CD31 positive and CD42b negative, and were taken on 3 separate days. Day A
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was conducted after an overnight fast, day B was carried out after receiving an NaCl
0.9% infusion during 1 hr, and day C replaced the NaCl with pure lipid emulsion
infusion. The study showed an inverse relationship existed between EMP and RHI (r = -
0.758, p = 0.011) when combining data from day A and day B, suggesting a higher
cardiovascular risk profile for those individuals with higher numbers of EMP and a
lower RHI score, and underscores the valid use of EMP as a marker of EF. One issue
that surrounds studies looking at EMP as an assessment for EF is that a number of pre
analytical and analytical variables have been described, all of which appear to confound
exact EMP quantification (van lerssel et al., 2010). Within the International Society of
Thrombosis and Haemostasis, there has been substantial effort in attempting to
standardise these issues, but at present, a widely adopted method for a uniform FC
method is still lacking (van lerssel et al., 2010). Variables that differ across studies
include storage time of whole blood and plasma, and centrifugation speed, which are
known to influence the MP measurement (Shah et al., 2008; van lerssel et al., 2010), as
well as differences in quantification and different MP associated biomarkers studied.
Whilst this can sometimes make comparison between studies difficult, all of these
variables have been controlled during this thesis and we have adopted a standard
protocol for MP quantification. An MP region was established using megamix beads
(Biocytex, France) according to the current International Society on Thrombosis and
Haemostasis Scientific and Standardization Subcommittee protocol (Lacroix et al.,
2010). This standard protocol has been well used by fellow research colleagues for MP

quantification (Chrismas et al., 2010; Madden et al., 2010; Vince et al., 2009a;b).

This current chapter included both males and female participants of varying age and
assessed EF by two different techniques. This study demonstrates that it was possible to
quantify CD105+ MP and CD106+ MP as potential markers of EF in sedentary
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participants, and shows that EndoPAT-2000 seems to correspond to these markers,
although further work is needed in a larger population to fully determine the
relationship between these two markers of EF. Given the lack of stress to the
endothelium as a result of exercise, it would be reasonable to presume that the exercise
intensity was not strenuous enough, and further work is needed to determine the EMP
response in healthy, but otherwise sedentary individuals. This chapter also strengthens
the notion that a healthy person’s endothelium has the ability to repair itself within a
relatively short time frame after an acute bout of exercise, albeit not strenuous in nature

and in sedentary individuals.

159



Chapter 8: The effects of an 8 week moderate intensity
exercise programme on EF in women with and without

PCOS
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8.1 Introduction

Chapters 4, 5 and 6 have investigated EF in healthy individuals in acute bouts of highly
strenuous exercise. The results from these chapters have included both male and female
participants, showing that the endothelium was highly affected by acute exercise of
these intensities, but showed signs of recovery within a relatively short time frame in

healthy participants.

PCOS is one of the most common endocrine disorder in women of reproductive age
(Sam, 2007), and can account for up to 18% of the population depending on the
diagnostic criteria used (Harrison et al., 2011; March et al., 2010; Wild et al., 2010).
PCOS represents a significant burden on the healthcare system due to its exhaustive list
of related complications (Harrison et al., 2011). For example, PCOS women are known
to have increased intrinsic IR when compared with non PCOS women, independent of
obesity (Sam, 2007; Teede, Hutchison & Zoungas 2007). PCOS is also known to
increase the prevalence and risk of cardiovascular disorders, including hypertension and
dyslipidaemia (Norman et al., 2007; Wild et al., 2010), owing to long term health
effects and the development of CVD. Furthermore, it is noted that between 40 to 60% of
PCOS women are either overweight (BMI > 25 kg/m?) or obese (BMI > 30 kg/m?) with

increased central adiposity (Kiddy et al., 1990).

One abnormality that presents in PCOS women is ED (Diamanti-Kandarakis et al.,
2006; Orio et al., 2005), which is unsurprising considering the suggested link between
ED and the aforementioned diseases (Kravariti et al., 2005; Paradisi et al., 2001). ED
has been assessed using various methods in women of this population, such as through

FMD (El-Kannishy et al., 2010; Sorensen et al., 2006; Sprung et al., 2013a,c; Sprung et
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al., 2014) and EndoPAT-2000 (Dawson et al., 2014). Endothelial adhesion markers in
PCOS women have also been studied in this population (Dawson et al., 2014; Diamanti-
Kandarakis et al., 2006; Thomson et al.,, 2012). Diamanti-Kandarakis et al (2006)
studied 25 women with PCOS and 25 women without PCOS and were investigating ED
by measuring endothelial activation markers, as well as BA-FMD. Endothelin-1 (ET-1)
was measured by enzymatic immunoassay, and high sensitivity CRP (hsCRP) by
ELISA. Soluble adhesion molecules were analysed (SICAM-1 and sCD106) by ELISA
using plasma samples. FMD values were significantly lower in the PCOS group, as well
as ET-1 levels. Also, the PCOS group had higher levels of hsCRP, sICAM-1 and
sCD106 compared to the control group, suggesting that PCOS women do present with
an abnormal endothelial status, and endothelial adhesion markers can predict this altered

state.

Incorporating exercise as a treatment for PCOS may be favourable when you consider
the benefits that exercise has in other conditions that are associated with PCOS (Moran
et al., 2006). Lifestyle modification has been endorsed by the Androgen Excess and
PCOS Society as a primary choice in the prevention of CVD (Wild et al., 2010). There
are well-established benefits of exercise and weight loss in women with PCOS on
factors such as reproductive function (Palomba et al., 2008), and improvements in CVD
risk markers such as obesity and cardiorespiratory fitness (Vigorito et al., 2007), but
there is limited data on the effect of exercise on EF in women with PCOS (Thomson et
al., 2012). Exercise training improves EF in individuals presenting with similar risk
factors to PCOS women, such as patients with T2DM (Maiorana et al., 2001) and

hypertension (Higashi et al., 1999).
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PCOS presents a useful model in which to study the underlying mechanisms of ED and
the possible effects of exercise on this condition. Given that PCOS is associated with a
greater CVD risk, and reduced endothelial functioning increases this risk (Thomson et
al., 2012) it is important to investigate the clinical importance of lifestyle improvement
in PCOS. The purpose of this chapter was to investigate the effects of an 8 week
moderate intensity aerobic exercise programme, compared to a control group on EF in

women with PCOS.

8.2 Methods

8.2.1 Participant Characteristics

Recruitment of participants was made in accordance with that described in section 3.1.
It should be noted that fellow research colleagues from the local hospital recruited the
PCOS participants, whereas the control participants were recruited by the author.
Ethical approval was approved by Hull and East Yorkshire NHS trust R&D approval, as
well as the departmental ethics committee at the University of Hull, and participants

gave their written informed consent to take part in the study.

For the PCOS arm, pre-menopausal women aged 18-40 years were eligible if they
showed characteristics of PCOS as described by the Rotterdam consensus (Rotterdam,
2004). PCOS was diagnosed as having two out of three of the following: evidence of
anovulation/oligomenorrhea, clinical or biochemical hyperandrogenism, and/or

polycystic ovaries on ultrasound scanning. All non PCOS women had regular menses

163



and no evidence of clinical or biochemical hyperandrogenism. Other exclusion criteria
included smoking, pregnancy, history of CV, renal, hepatic and thyroid disease,
diabetes mellitus, family history of sudden death, and regular exercise three times per

week for past three months.

8.2.2 Experimental design

The experimental design of participant entry and completion of the study is shown in
Fig 8.1. This figure shows the procedure from the start of study recruitment and the
number of participants lost throughout the study. The study began with 25 women (14
PCOS, 11 controls) who volunteered to take part in the exercise programme. All of
these women were successfully screened and eligible for entry into the study, and they
then began the 8 week exercise programme. The end of the exercise programme was
deemed as 8 successful weeks, and subsequently the final assessment session occurred
(post). Only those participants who managed to successfully finish the 8 week exercise
programme were included in data analysis. Participants were discontinued from the
study if they became pregnant, missed more than 50% (6 sessions) of exercise per
month, if the participant had to use any concomitant medications detailed in the
exclusion criteria during the study period, or if her consultant physician or general
practitioner requested that the participant should be withdrawn from the study in their
best interest. Four women were unable to fully complete the exercise programme and
were not entered into the final analysis as a result. Reasons for discontinuation of the
study were personal problems (2, both PCOS group), pregnancy (1, PCOS group) and
lack of attendance (1, control group). The final participants analysed were those that
successfully completed the 8 week exercise programme, which consisted of 21 women
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(11 PCOS, 10 controls). All data and information was stored and accessed as according

to section 3.1.1.

Volunteered for study

n=25

/ \

COMMENCED 8 WEEK EXERCISE PROGRAMME (n = 25)

PCOS (n=14) Control (n=11)
Age =28.75 £ 6.61 Age =23.74£6.11
years years
BMI =30.70 £ 6.02 BMI =25.92 + 5.39
kg/m? kg/m?

ﬂ ﬂ

COMPLETED 8 WEEK EXERCISE PROGRAMME AND ENTERED INTO FINAL

DATA ANALYSIS (n = 21)

PCOS (n=11) Control (n=10)
Age =28.00 £6.72 Age =24.26 £ 6.18
years years
BMI =31.15 %+ 6.30 BMI =25.92 £5.39
kg/m? kg/m?

Fig 8.1 Diagram of participant information and study design from initial

volunteering of the study to final study completion.
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8.2.3 Baseline assessment

Eligible participants for the study attended the Michael White Diabetes Centre, Hull,
UK within one week of to the baseline assessment visit (pre), which took place at the
University of Hull. At this initial visit, fasting venous blood samples were taken in
accordance with the details outlined in section 3.6.2 and analysed immediately for the
measurement of CD105+ MP and CD106+ MP (section 3.7). Within one week of this
visit, participants arrived at the Department of Sport, Health & Exercise Sciences,
University of Hull where they carried out pre exercise questionnaires and consent as
detailed in section 3.1. Participants were instructed to abstain from alcohol, caffeine,
and exercise 24 hr prior to the testing, and all baseline assessments took place between
0830 and 1000 in order to maintain consistency amongst participants and to reduce the
effect of any circadian variation in biomarkers, which have been shown to change over

a 24 hr period (Madden et al., 2008).

Once appropriate screening had taken place and eligibility for the exercise programme
had been confirmed, anthropometric measures were recorded as detailed in section 3.2.
Immediately after this, participants performed a ramped maximal exercise test (VO2zmax)
in order to determine the individuals target workload for the exercise sessions (section
3.4.1). Expired gas measurements were made in accordance with those detailed in

section 3.5.
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8.2.4 Exercise training programme

Within a week following the baseline assessment, participants began attending 3
supervised exercise sessions per week for a period of 8 weeks. Where possible, each
session was 1 hr in duration depending on the schedule and ability to complete the
sessions with no complications. The programme began by initially using a Woodway
ELG55 motorised treadmill (Woodway, Weil an rhein, Germany), but due to
maintenance works in our facility the programme then continued using a HP Cosmos
Pulsar Treadmill (H/P/Cosmos), but with no changes to the protocol. Participants
performed all sessions on a motorised treadmill working at or as closely as possible to
60% VOzmax. VO2/kg was measured after the warm up, which lasted for 5 min at 4.5
kmhr'! and for a period of 10 min in order to confirm the appropriate exercise intensity.
The intensity of exercise was then adjusted by altering the speed of the treadmill if this
value was not within £ 2.5% of the target oxygen uptake. Following this 10 min gas
collection, the face mask was withdrawn with the speed of the treadmill remaining as it
was. A further gas collection was made at 40 min to confirm the desired intensity for a 5
min period. If this intensity was out of range then the treadmill speed was once again
altered if required. HR and RPE were monitored every 15 min throughout the session. If
participants felt that they could not continue with the exercise for reasons such as injury
or fatigue, they were able to stop at any time if necessary. Likewise, if it meant
dropping the intensity for a period of time in order for them to recover then this was
permitted, otherwise the intensity remained at the level pre-determined. Each session
ended with a 5 min cool down at 4.5 kmhr™ and participants would then be free to leave
once HR retuned to within 120% of basal levels. The participants in the study were not
asked to alter their diet in any way and were to continue as normal with their calorie
consumptions throughout the exercise programme.
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8.2.5 Mid-point assessment

Participants performed an exact repeat of the baseline assessment (section 8.2.3) within
3 days after the 4 successful weeks of the exercise programme had been completed.
This mid-point assessment also aided in altering the prescribed exercise intensity for the
exercise programme sessions thereafter in case the individual managed to improve their
fitness over the 4 weeks of initial training. For example, if a participant should improve
their VOomax from 26.5 to 28.9 ml/kg/min™, then their targeted oxygen consumption

would change from 15.9 to 17.34 ml/kg/min™.

8.2.6 Final assessment

This final assessment at the end of the exercise programme for each participant was a

repeat of the baseline and mid-point assessments (section 8.2.3).

8.2.7 Venous blood samples

Venous blood samples were collected by the same independent trained consultant at the
Michael White Diabetes Centre, Hull, UK. Blood samples were taken no longer than 1
week prior to baseline assessment (pre), then after 4 successful weeks of the exercise
programme (mid), and again in the final week no more than a week after ceasing with

the exercise programme (post). Venous samples were all taken at or as closely as
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possible to 0900 hr following an overnight fast. One 3.5 ml citrated blood tube was
immediately placed on ice and transported to the Medical Research Laboratory, Hardy
building, University of Hull for analysis. Full details of blood preparation can be found

in section 3.6.

Citrated blood was analysed as described in section 3.7. Briefly, an aliquot (4ul) of
either IgG1 CD105:FITC conjugate (AbDSerotec, UK) or 1IgG1 CD106:FITC conjugate
(AbDSerotec, UK) were added to 25 pl PFP and the analysed by FC as detailed in

section 3.7.1.

8.2.8 Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics 19.0. Central
tendency and dispersion of the sample data are represented as the mean £ SD. Any
changes in biochemical markers across condition and time were analysed using linear
mixed models. The change in anthropometric measurements across the exercise
programme within the two populations were investigated using paired samples t-tests
with Sidak adjusted p values to control for family wise type I error rate. Relationships
between EMP and variables were analysed using Pearson Correlation Coefficients. All
of the data are presented as means and standard deviation of the mean (mean = SD)

unless otherwise specified. Two-tailed statistical significance was accepted at p < 0.05.
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8.3 Results

8.3.1 Baseline characteristics

Table 8.1 displays the baseline characteristics of control and PCOS women. There was a
significant difference between the groups in SBP (p = 0.027) which was higher in the
PCOS group. VO,max Was significantly higher in the control group (p < 0.001). WHR (p
= 0.019) and WC (p = 0.033) were significantly higher in the PCOS group when
compared to control women. Levels of CD105+ MP were also significantly elevated in

women with PCOS (p = 0.021).
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Table 8.1 Baseline characteristics between control and PCOS women. Body mass,
SBP, DBP, VO;max, BMI, WHR, WC, CD105+ MP and CD106+ MP are compared

at baseline between the two groups.

Variables Control baseline (n =10) PCOS baseline(n=11) P
value
Body mass (kg) 71.04 £16.42 85.45 £ 18.91 0.080
SBP (mmHg) 123.00 + 11.44 132.36 £ 11.47 0.027°
DBP (mmHg) 77.50 £ 9.30 81.82+11.21 0.290
VO,max 36.26+ 6.38 26.32 £ 4.63 <0.001°
(mI'min'kg™)
BMI (kg/m?) 25.92 £5.39 31.15+6.30 0.056
WHR 0.79 £ 0.07 0.86 £ 0.06 0.019°
WC (cm) 83.01 £14.20 98.05 £ 16.35 0.033°
CD105+ MP (per 388.2+ 1135 2113.9 +951.7 0.021°
ul PFP)
CD106+ MP (per 7165.1 + 4403.8 7625.6 + 5427.8 0.942
ul PFP)

% Significantly different between groups (p < 0.05). All data represented as mean + SD,

except for CD105+ MP and CD106+ MP which are represented as mean + SEM.
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8.3.2 Effect of exercise on measured variables

Table 8.2 displays the changes in biomarkers as a result of the exercise programme in
control and PCOS women. Body mass was unchanged in control women, but those with
PCOS managed to reduce their body mass at mid exercise programme (p = 0.027) and
post exercise programme (p = 0.027) when compared to pre exercise programme. Body
mass in PCOS women decreased from baseline from 85.45 kg to 84.45 kg at mid
exercise, and then 84.04 kg once the exercise programme was completed. SBP
improved pre to mid (p = 0.031), pre to post (p = 0.002) and mid to post (p = 0.024)
study in PCOS women. DBP also improved pre to post (p = 0.020) and mid to post (p =
0.005) study in this group. There were also improvements in VO,max vValues from pre to
post study, with values rising from 26.32 mI'minkg™ to 29.71 mI'minkg™® (p = 0.015)
and also mid to post, from 26.43 mI'minkg™ to 29.71 mIminkg™ (p = 0.002) in the
PCOS group, while BMI was improved from pre to post (p = 0.028) and pre to mid (p =
0.015) point in the study. There was a decrease in WC in this population from mid to
post exercise intervention, decreasing from 96.97 cm to 96.12 cm (p = 0.035). The
control population only showed significant improvements in SBP pre to post
intervention, decreasing from 123 mmHg to 117.5 mmHg (p = 0.035) and VO;max pre to
post intervention (36.26 mI'minkg™ to 39.21 mI'minkg™ respectively, p = 0.017). No

other significant change was observed in any other measured variable in this group.
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Table 8.2 Clinical characteristics of the control and PCOS women at baseline, mid,
and post 8 weeks of aerobic exercise training. Body mass, SBP, DBP, VO;max, BMI,
WHR and WC are compared between both groups.

Control (n = 10) PCOS (n=11)

Variables Pre Mid Post Pre Mid Post

Body mass 71.04+ 7066+ 7011+ 8545+ 8445+  84.04%
(kg) 16.42 16.19 15.83 18.91 19.02*  19.54°

SBP (mmHg) 123.00+ 12050+ 11750+ 13236+ 128.73+ 12491+
11.44 10.28 7.65° 11.47 11.03° 10.40%

DBP (mmHg) 7750+ 7500+ 7310+ 81.82+ 8136+ 7664t

9.30 6.82 5.43 11.21 12.36 8.82%
VO, max 36.26+ 3749+ 3921+ 2632+ 2643+ 2971+
(mIminkg?)  6.38 6.96 5.82% 4.63 4.09 5.32%

BMI (kg/m?) 2592+ 2578+ 2558+ 3115+ 30.79+ 30.69z

5.39 5.36 5.18 6.30 6.32° 6.48°
WHR 0.79 + 0.78 + 0.79 + 0.86 + 0.85+ 0.85+

0.07 0.06 0.07 0.06 0.07 0.06
WC (cm) 83.01+ 8241+ 8216+ 9805+ 9697+ 96.12+

14.20 14.19 14.57 16.35 17.90 14.67°

Data are represented as mean + SD. ? Significantly different compared to pre (p < 0.05).
® Significantly different compared to mid (p < 0.05).
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8.3.3 Blood marker measurements

8.3.4 CD105+ MP

The PCOS population were the only group to see any significant changes in blood
variables (Fig 8.2), showing significant decreases in CD105+ MP from pre to post
exercise intervention (p = 0.025). The number of MP decreased from 2114 CD105+ MP
per pl PFP to 424 CD105+ MP per ul PFP. The control group conversely showed little
change over the exercise programme, and levels of CD105+ MP actually rose from pre
(388 CD105+ MP per pl PFP) to post exercise programme (719 CD105+ MP per pl

PFP), but this change was not significant (p = 0.25).
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Fig 8.2 CD105+ MP in control (dark bars) and PCOS (hatched bars) participants
at pre, mid, and post exercise intervention. Data represented as the concentration
of CD105+ MP per pl PFP (means = SEM). @significantly different compared to
pre in PCOS group (p = 0.025). Error bars represent mean £ SEM.

8.3.5 CD106+ MP

There were no significant differences in CD106+ MP as a result of exercise at any of
the time points measured. The PCOS group showed a very minimal decline from pre to
post exercise intervention, with levels of CD106+ MP falling from 7626 to 7210
CD106+ MP per pl PFP (p = 0.95). Similarly, the control groups mean CD106+ MP
levels changed from 7165 to 7105 CD106+ MP pre to post exercise intervention (p =

0.99). Interestingly, there was a decrease, albeit it not significant, in the control group
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from pre (7165 CD106+ MP per ul PFP) to mid exercise programme (2438.9 CD106+
MP per pl PFP, p = 0.35), with values returning to basal values by the end of the
programme. There was also a slight decrease in the PCOS group from pre to mid
exercise programme, with CD106+ MP decreasing from 7625 to 5516 CD106+ MP per

ul PFP (p = 0.71), with values returning to basal values by the end of the programme.
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Fig 8.3 CD106+ MP in control (dark bars) and PCOS (hatched bars) participants
at pre, mid, and post exercise intervention. Data represented as the concentration

of CD106+ MP per pl PFP (means + SEM). Error bars represent mean £ SEM.
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8.3.6 Correlations of anthropometric data with EMP data

Table 8.3 shows the correlations of CD105+ MP and CD106+ MP with the variables
measured throughout the exercise programme in all PCOS women and control women.
There were no significant correlations with EMP data and any of the measured variables
presented in Table 8.3 for either group, suggesting that any changes in EMP were
independent of these variables. The strongest correlation occurred between SBP and
CD105+ MP in PCOS individuals, with suggestion that the higher the SBP the greater

the amount of CD105+ MP, but this was not significant (p = 0.092).
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Table 8.3 Correlation of CD105+ MP and CD106+MP with variables measured in

control and PCOS patients across the exercise programme.

Variable Control PCOS

CD105+MP (per pl

PFP) r value P value r value P value
Body mass (kg) -0.119 0.531 -0.041 0.822
SBP (mmHg) -0.067 0.724 0.303 0.092
DBP (mmHg) -0.050 0.794 0.193 0.289
VOzmax (MI'minkg™) 0.136 0.481 -0.094 0.613
BMI (kg/m?) -0.117 0.537 -0.008 0.966
WHR 0.027 0.891 -0.090 0.648
WC (cm) 0.051 0.789 0.125 0.528
CD106+ MP (per pl

r value P value r value P value
PFP)
Body mass (kg) -0.202 0.284 0.020 0.915
SBP (mmHg) -0.131 0.490 0.176 0.337
DBP (mmHg) -0.211 0.263 0.022 0.904
VO2max (MIminkg™) -0.014 0.944 0.114 0.543
BMI (kg/m?) -0.186 0.324 -0.017 0.929
WHR -0.236 0.218 -0.165 0.402
WC (cm) -0.249 0.185 -0.074 0.708

r value determined from Pearson’s Correlation Coefficient using group means + SD,
except for CD105+ MP and CD106+ MP (mean £ SEM).
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8.4 Discussion

The novel finding of this study was that women with PCOS were able to significantly
decrease levels of CD105+ MP, indicating that EF can improve as a result of a short
term, supervised moderate intensity aerobic exercise programme, independent of dietary
restrictions when compared with a control group of women without PCOS. An
additional finding of this study was that PCOS women displayed significantly worse EF
at baseline when compared to otherwise healthy, non PCOS females (Table 8.1), a
finding reiterated by others using a variety of different assessment methods, such as
FMD (Diamanti-Kandarakis et al., 2006; Kravariti et al., 2005; Sprung et al., 2014) and
endothelial adhesion molecules (Christakou et al., 2011; Diamanti-Kandarakis et al.,
2006). Furthermore, women with PCOS significantly improved their body mass, SBP,

DBP, aerobic fitness, BMI, and WC by the end of the programme (Table 8.2).

Sprung et al (2013a) found that EF (BA-FMD) was improved in women with PCOS
when compared to control women with PCOS who received conventional care
following a 16 week aerobic exercise intervention. Ten women with PCOS underwent
supervised 30 min exercise 3 times a week at 30% HRR, which progressed weekly
based on HR responses (up to 60% HRR). The control group received lifestyle advice
from clinical consultations prompting them to lose weight and increase their physical
activity. Various assessments were measured during the study, including BA-FMD,
cardiorespiratory fitness, visceral and abdominal subcutaneous adipose tissue,
glycaemic control, and lipid and hormone profiles. When comparing the 2 groups, BA-
FMD and cardiorespiratory fitness improved from pre to post exercise intervention in

the exercising group only, suggesting that supervised aerobic exercise in women with
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PCOS can enhance EF. Sprung et al (2013a) however did not use women without PCOS
as controls. It would also have been useful to see any differences between PCOS
women and control women without PCOS to further relate the findings of the current
chapter, but nevertheless comparisons may be drawn. Baseline body composition data
was similar between the two studies (BMI was 31.1 kg/m? in this chapter compared to
31 kg/m? in Sprung et al (2013a); WC was 98.05 cm and 100 cm respectively, whilst
body mass was 85.45 kg compared to 82.1 kg). That being said, it is very important to
state that PCOS is a very complex disorder and has a very wide spectrum of phenotypes
(Nardo & Gelbaya, 2008), and it is possible that although baseline body composition
data was similar between studies, these studies were based on participants volunteering
to participate in regular exercise sessions and therefore participants with more severe
phenotypes at the further end of the PCOS spectrum may not have volunteered and
therefore been excluded in these studies. Future work should concentrate on
investigating the effects of exercise on EF in these more severe phenotypes and the
effect of exercise to reduce symptom severity as well as improve EF. Comparative to
these findings, Roessler et al (2013) investigated the effects of exercise and group
counselling on body composition and aerobic fitness in 17 women with PCOS. WC,
BMI, body mass and VO;nax Were improved in PCOS women following a cross over
design of 8 weeks of high intensity aerobic exercise and 8 weeks of group counselling.
The exercise programme consisted of 3 sessions per week with 2 days of indoor cycling
and 1 day of brisk walking/running. The intensity of exercise was based on HR
achieved during a cycling test at baseline, but was interval in nature and periods reached
90% of this HR during walking/running and 100% of the pre-determined HR during

cycling.
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The exercise in Sprung et al (2013a) was moderate in intensity, although they used
%HRR (30% HRR initially, rising to 60% HRR) instead of %VO,nax as in the present
chapter (60% VO2max). Initially, exercise was performed 3 times a week, as in the
present chapter, but for a period of just 30 min, which was then increased to 5 times per
week up to 45 min per session, whereas a fixed protocol was adhered to in this chapter.
Nonetheless, Sprung et al (2013a) increased the length of their sessions and frequency
of training per week presumably as increases in fitness were observed in each group,
similar to our reassessing their mid-point fitness so that improvements in each
individual’s fitness could be used to re-evaluate the intensity for the second half of the
programme. These studies suggest that supervised moderate aerobic exercise of 30-60
min three-five days a week is sufficient to enhance EF and various other measures in
women with PCOS. Sprung et al (2013a) showed that the positive improvements in EF
as a result of exercise was independent of changes in body weight, liver fat, visceral
adipose tissue, or IR. Although the current chapter did observe positive changes in
many variables that may be considered CV risk factors, such as WC, body mass and BP,
correlations with EMP/EF demonstrated no significant relationships in this instance
(Table 8.3). The changes in body mass seen in the PCOS group were very slight from
pre to post exercise intervention in the current study (85.45 kg to 84.04 kg) suggesting
that improvements in cardiorespiratory fitness without substantial weight loss may
reduce the CV risk in women with PCOS, a finding also seen in other studies (Green et
al., 2008; Sprung et al., 2013a). Kavanagh et al. (2003) reported that in women referred
for cardiac rehabilitation, oxygen consumption was a strong independent predictor of
cardiac mortality and with each increase of 1 mlkgmin™® of initial peak oxygen
consumption was associated with a 10% lower cardiac mortality. Therefore, the
improvements seen in the present chapter (PCOS 12.9% increase; Control 8.1%

increase), as well as that consistent with others (Brown et al., 2009; Giallauria et al.,
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2008b; Moro et al., 2009; Randeva et al., 2002; Vigorito et al., 2007) suggest that
women with PCOS may be able to decrease their risk of CV complications and

mortality by engaging in exercise of the nature discussed.

Assessing EF after exercise interventions in PCOS women by endothelial biomarkers is
very limited (Sprung et al., 2013). Recently however, one study (Thomson et al., 2012)
looked at the effects of exercise training on EF in PCOS women measuring circulating

biomarkers through a multiplex analyser (SCD106, SICAM-1 and PAI-1). This study

used 3 different groups, one group was a controlled diet with moderate aerobic exercise
(60-80% HRmax), one used diet combined with aerobic-resistance training, and the other
a diet only without exercise. sCD106, sSICAM-1 and PAI-1 all reduced at week 20 in
each group compared to pre exercise programme, indicating that EF is improved in
PCOS women as a result of different lifestyle interventions, including exercise. There
was no differences found between each of the groups in terms of EF improvement, but
the most effective treatment groups appear to have been those with exercise included, as
there were greater improvements seen in sSCD106, weight loss and aerobic fitness in the
exercise groups when compared to the diet only group, but there were no significant
differences between the groups. The results presented from Thomson et al (2012) are
interesting as they show that improvements can be seen in EF without exercise in PCOS
women through dietary control, but it must be considered that additional exercise makes
improvements more effective. There was no improvements in EF seen in the control
group of the present chapter, and one issue from Thomson et al (2012) is that there was
no control population of non PCOS women, or of a non-exercise/non diet group in order
to study the effects compared with PCOS women, meaning that it is difficult to
determine whether these changes were due to the high-protein energy restricted diet

and/or weight loss.
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Previous studies are in agreement with results of this chapter in that there was a
significant impairment in EF in PCOS women at baseline levels compared to control
women without PCOS (Carmina et al., 2006; Ilie et al., 2008; Paradisi et al., 2001). EI-
Kannishy et al (2010) found that EF as assessed by BA-FMD was impaired in both lean
and obese women with PCOS. EL-Kannishy et al (2010) assessed 22 obese women with
PCOS as well as 14 lean women with PCOS. FMD was significantly decreased in both
groups of women with PCOS. Further to this, it was found that FMD was not correlated
with BMI or IR, suggesting that the impairment seen in EF would indicate that another
risk factor was involved in the development of ED in PCOS women. These findings
suggest that women with PCOS who are otherwise free of any other known disease
associated with PCOS still show characteristics of ED, and therefore both lean and
obese participants could still benefit from an exercise intervention similar to that used in

this study to improve EF, even in the absence of other risk factors.

A recent review of PCOS and exercise highlighted the various limitations that are
common in exercise interventions in women with PCOS (Harrison et al., 2011). Studies
have generally been small in sample size and have had a significant drop out rate
(Harrison et al., 2011). The present chapter managed to include 21 participants out of 25
recruited, which unfortunately was not sufficient in number to create sub populations
within the data collected, e.g. possible influences of lean, overweight, and obese
individuals with and without PCOS. For example, with the current participant
population, dividing the groups into the appropriate BMI categories would have left just
two obese control women. Lifestyle interventions have also proved difficult to
implement and sustain in PCOS and can be a known challenge, with high dropout rates
occurring in PCOS lifestyle intervention studies (Brown et al., 2009; Moran et al., 2006;

Randeva et al., 2002). In one particular study for example, 45% of the cohort dropped
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out of an exercise intervention study altogether (Brown et al., 2009). This paper
suggests that the reason for such a high dropout was due to a young age of participants
(median age of exercisers and controls 36.5 years and 28.0 years respectively), with
accompanying responsibilities for small children, school and work. The present chapter
however had a younger cohort (26.5 years) and this dropout was not seen. Brown et al
(2009) had study duration of 24 weeks, which may have also contributed to such a high
dropout, whereas this study was of a relatively short duration, which may have boosted
compliance (8 weeks). It should be noted that compliance to exercise studies in PCOS
women has shown the highest dropout rates to be in the longer duration studies (20-24
weeks) and more exercise sessions per week (4-7) when compared to other studies
(Brown et al., 2009; Randeva et al., 2002; Thomson et al., 2008). Findings from the
limited research available in this area would suggest that highest compliance rates occur
in studies of short duration, for example in studies of 12-16 week duration involving
three 30 min sessions per week with no dietary component (Giallauria et al., 2008b;
Stener-Victorin et al., 2009; Vigorito et al., 2007). The current chapter consisted of 8
weeks, and did not have a high dropout rate at all, with compliance very strong (16%
dropout rate). In addition to this, it is important to note that one of the dropouts was
actually due to a pregnancy (PCOS group) and so was not a compliance issue. In the
authors opinion and based on the verbal feedback provided throughout the study period,
this high compliance was mainly due to the supervision and monitoring of the exercise
sessions, as well as the duration and intensity of exercise sessions being favourable to
participants, and participants recruited were also highly motivated and volunteered to
take part. This leads to the suggestion that a home based programme, at least in the
early stages of an intervention, may not be the best route to take, and that closely
monitored, supervised exercise interventions appear to have a positive effect. A further

issue with existing literature is that studies tend to use young women who were
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predominantly obese (Harrison et al., 2011). This was one of the reasons for the
inclusion of lean women as well as obese in this study, and also women up to an age of
40 years old as we considered that PCOS should be evaluated in a broad range of
women across age and BMI in order to evaluate the effects of exercise as a therapeutic
agent. It is also important to note that considering participants volunteered for the study,
there may have been women with far more severe symptoms/phenotypes of PCOS that

were not present within the study.

This study confirms that moderate intensity exercise (60% VOzma) could be
recommended for this population due to the improvements seen in various
cardiorespiratory and cardiometabolic risk factors. The data here also suggests that this
type of moderate intensity exercise is sufficient over a relatively short time frame to see
improvements in anthropometric measurements and EF. This is in agreement with other
studies who have also found improvements in women with PCOS as a result of
moderate intensity exercise (Palombo et al., 2010; Thomson et al., 2012) but future
work could also investigate the use of incorporating high intensity interval training or
resistance training into an exercise/diet programme in PCOS women which has
previously shown favourable results in body composition and aerobic fitness (Roessler

etal., 2013).

There are several pharmaceutical interventions for PCOS, which primarily focus on
addressing reproductive dysfunction and IR (Harrison et al., 2011). However, despite
these available treatments, there is no common consensus as to the ideal
pharmacological intervention in PCOS, partly due to the wide spectrum of severity of
the disease. With this in mind, lifestyle modification remains the first line management

to improve cardiovascular and reproductive risk factors in PCOS women (Harrison et
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al., 2011; Moran et al., 2009). This chapter goes some way to strengthen the idea that
exercise should remain one of the first line treatments for women with PCOS and there
are several benefits that can occur as a result of moderate intensity exercise, such as
reduced WC, body mass, SBP, DBP, as well as improved aerobic fitness in addition to
improvements seen in EF. This data indicates that women with PCOS exhibit poorer EF
compared with control women at baseline as indicated by increased EMP (CD105+ MP
and CD106+ MP), and that EF can be significantly improved following the prescription
of moderate aerobic exercise training, independent of any dietary restrictions. These
findings argue for the prescription of this form of exercise training as a preventative
strategy for ED in women with PCOS, as well as an effective treatment to improve
various measures of body composition. Future work should address some of the
limitations described above, such as the inclusion of longer duration exercise
programmes, the use of home based programmes/group based programmes, more
markers of EF such as CD62E, CD31 and CD144. Additionally, measuring visceral
adiposity would be useful to correlate with any changes seen in EF as a result of

exercise.
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Chapter 9: Combination of data from previous chapters
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9.1 Introduction

As seen in previous experimental chapters, there have been various differences between
the design and implementation of study design, ranging from a wide population of
participants studied, to the exercise protocol incorporated. It is therefore important to be
aware of any differences in EF that may exist in the participants that were covered
throughout this thesis, considering that healthy males, healthy females, healthy but

otherwise sedentary individuals, and women with and without PCOS were included.

The aim of this final, short experimental chapter therefore is to provide analysis that
combines the data from the previous chapters in order to determine any notable
differences between resting levels of CD105+ MP and CD106+ MP across the range of
participants included in this thesis, and to see a possible trend in the concentration of

CD105+ MP and CD106+ MP as a result of exercise.

9.2 Methods

The results from each of the previous experimental chapters (chapters 4-8) were
included in the subsequent analysis. The results from chapter 4 are of all participants
who were involved regardless of experimental group (C4; n = 14), and the control (C8;
Con, n = 10) and PCOS (C8; PCOS, n = 11) groups from chapter 8 have been included,
as well as healthy females from chapter 5 (C5; n = 10), healthy males long duration
from chapter 6 (C6; n = 14), and sedentary individuals from chapter 7 (C7; n = 10). In
order to determine the effects of gender of concentrations of + MP in healthy (trained)
individuals and healthy (free from any known disease) the males from chapters 4, 6 and

7 were included, and compared with female data from chapters 5, 7 and 8.
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9.2.1 Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics 19.0. Central
tendency and dispersion of the sample data are represented as the mean = SD. Any
differences across groups were analysed with an independent t-test with Sidak adjusted
p values to control for family wise type | error rate. Data is expressed as concentrations
of MP per pl of PFP. All of the data are presented as standard error of the mean (x

SEM) unless stated. Two tailed statistical significance was accepted at p < 0.05.

9.3 Results

9.3.1 CD105+ MP baseline data

Fig 9.1 shows the resting/pre exercise data for CD105+ MP across each of the
experimental chapters using experimental and control groups. Fig 9.1 shows clearly that
the two groups with the greatest concentrations of CD105+ MP at rest/pre exercise were
the sedentary participants from chapter 7, and PCOS females from chapter 8. The PCOS
females had a significantly higher resting CD105+ MP concentration than the healthy
males from chapter 6 (p = 0.04), and also showed a higher CD105+ MP concentration
than the control females from the same chapter in which they were investigated (chapter
8, p = 0.021). Despite PCOS CD105+ MP concentrations (2113 + 952 CD105+ MP per
ul PFP) being almost twice as high as the healthy males in chapter 4 (1078 + 192
CD105+ MP per pl PFP) and almost three times as great as the healthy females in

chapter 5 (849 + 166 CD105+ MP per ul PFP) respectively, these values were not
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significantly greater (p = 0.21, p = 0.19 respectively). The participants from the
sedentary chapter (chapter 7) had a significantly elevated concentration of CD105+ MP
compared to the healthy males in chapter 6 (p = 0.031) and also the control females
from chapter 8 (p = 0.013). Females that were acting as controls during the PCOS study
(chapter 8) had a lower concentration of CD105+ MP compared to healthy males from

chapter 4 (p = 0.011).
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Fig 9.1 CD105+ MP in participants from chapter 4 (C4), chapter 5 (C5), chapter 6
(C6), chapter 7 (C7), chapter 8 (controls, C8 Con) and chapter 8 (PCOS, C8
PCOS) at rest/pre exercise. Data represented as the concentration of CD105+ MP
per pl PFP (means + SEM). ?significantly different compared to C4 (p = 0.01) . °
significantly different compared to C6 (p < 0.04) . ® significantly different to C8
(Con) (p £0.021). Error bars represent mean + SEM.
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9.3.2 CD106+ MP baseline data

Fig 9.2 shows the resting/pre exercise data for CD105+ MP across each of the
experimental chapters using experimental and control groups. Fig 9.1 shows a clear
difference in the pattern of CD106+ MP concentration between experimental chapters
compared to that of CD105+ MP. The healthy males from chapter 4 were significantly
lower in concentration of CD106+ MP compared to chapter 5 (p = 0.004), chapter 6 (p
< 0.001), and chapter 7 (p = 0.002). The PCOS females had the highest concentration of
CD106+ MP (7626 + 5428 CD106+ MP per ul PFP), but this was not significantly

greater than any groups from other chapters.
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Fig 9.2 CD106+ MP in participants from chapter 4 (C4), chapter 5 (C5), chapter 6
(C6), chapter 7 (C7), chapter 8 (controls, C8 Con) and chapter 8 (PCOS, C8
PCOS) at rest/pre exercise. Data represented as the concentration of CD106+ MP
per pl PFP (means + SEM). ?significantly different compared to C4 (p < 0.004).
Error bars represent mean + SEM.
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9.3.3 Effects of gender on EMP

Table 9.1 shows the resting/pre exercise data for different groups throughout this thesis
in order to determine any possible influence of gender of MP concentration. When
combining group data from either healthy, trained participants or overall participants
free from any known disease, it can be seen that there was no significant differences
between genders. For the first 3 experimental chapters, which involved participants that
were accustomed to exercise, the concentrations of + MP were similar between males
and females, in particularly CD105+ MP (807 = 115 CD105+ MP per pl PFP and 849 +
166 CD105+ MP per pl PFP for males and females respectively, p = 0.85). With the
addition of participants that were healthy, but could not be deemed accustomed to
exercise, i.e. from chapters 7 and 8, there were greater concentrations of both markers of

+ MP in females compared to males, but this was not significant.

Table 9.1 Resting/pre exercise + MP concentrations in healthy trained males,
healthy trained females, healthy males and healthy females from entire thesis

(mean £ SEM).

+ MP (per Healthy, Healthy, P Healthy Healthy P
ul PFP) trained males trained value males (n= females (n=  value
(n=28) females (n 34) 24)
=10)

CD105+ 807+ 115 849+ 166 085 837+117 1230+475 0.36

MP

CD106+ 2149 £509 1296 £696 0.36 2223 + 4051+ 1918  0.30

MP 421

Data represented as means (= SEM). Healthy trained males taken from chapters 4 and 6.
Healthy trained females taken from chapter 5. Healthy males taken from chapters 4, 6
and 7. Healthy females taken from chapters 5, 7 and 8.
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9.3.4 Effects of acute exercise on EMP

Fig 9.3 displays the general profile of + MP quantification as a result of exercise in the
participants from the repeated cycle sprints exercise protocol (C4 and C5) and the long
duration cycling exercise (C6). With the exception of CD106+ MP in the long duration
exercise protocol, both markers appeared to follow a similar course after exercise. It
may be suggested that across studies, exercise has little effect on CD105+ MP and
CD106+ MP immediately after exercise, after which these markers appear to rise to an
observed peak at 90 min post exercise. A finding consistent from all 3 acute exercise
studies is that CD105+ MP and CD106+ MP fall from this observed peak and near basal

levels by 180 min post exercise.
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Fig 9.3 CD105+ MP and CD106+ MP in participants from chapter 4 (C4), chapter
5 (C5), and chapter 6 (C6) at rest, and then post, 45, 90 and 180 min post exercise.
Data represented as the concentration of CD105+ MP and CD106+ MP per ul PFP
(means £ SEM).
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9.4 Discussion

This chapter was aimed at comparing data between the experimental chapters and to
provide an overview of the response of EMP across the range of studies that have been
investigated. Resting data showed that EMP concentrations tended to be higher in
individuals that were either sedentary (chapter 7) or known to have a disease, in this
instance women with PCOS (chapter 8). In accordance with current literature, this
finding would be expected, as it has been shown previously that women with PCOS
present with ED compared with healthy controls (El-Kannishy et al., 2010; Sprung et
al., 2014), and EMP (CD31+/CD42b-) have been shown to correlate to ED in women
with increased obesity and CV risk factors characterised by women with PCOS
(Esposito et al., 2006). Surprisingly however, PCOS women in this thesis did not have
significantly greater levels of CD105+ MP or CD106+ MP when compared to some of
the chapters that involved healthy, trained individuals. This may be in part explained by
a relatively small sample size for the PCOS group (n = 11) and further work involving a
larger sample size may elicit a significantly greater difference compared to healthy

individuals.

It has been previously stated (Toth et al.,, 2007) that gender may influence the
concentration of MP, but this has not been studied extensively and further research is
required in order to assess this. Toth et al (2007) discovered that PMP (CD61), P-
selectin exposing PMP and CD62E were elevated in healthy females (n = 27) compared
to healthy men (n = 18). Additionally, these concentrations seemed to be strongly
associated with the menstrual cycle, with greater concentrations present during the
luteal phase. Unfortunately, it was not feasible to control for menstrual cycle phase in

women throughout this thesis, due in part to the erratic nature experienced in PCOS
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women, as all experienced oligo- or anovulation. Table 9.1 confirms that gender had no
effect on the resting/pre exercise concentrations of CD105+ MP or CD106+ MP when
involving healthy participants from previous chapters. There was a tendency for higher
concentrations of each of these markers in females when combining sedentary
individuals from chapter 7, but this is speculative considering the low numbers
involved. This highlights that further work should concentrate on larger study samples
and thus a more controlled study population, with menstrual cycles factored in to the

study design where possible in order to test the effects of gender on concentrations of

EMP.

The general time course of EMP concentrations over acute exercise bouts can be seen in
Fig 9.3. With the exception of CD106+ MP from the healthy males long duration
exercise (chapter 6), EMP concentrations can be seen to follow a typical response to
exercise, with insignificant change from rest to immediately post exercise. Exercise then
induces an increase in levels of EMP from immediately post up to an observed peak at
90 min post exercise. Levels of each marker then appear to fall to basal levels at 180
min post exercise. Future research should attempt to determine a more precise time
course of MP release by incorporating more constant blood sample collection, as it is
unclear from results in this thesis if EMP levels were still increasing at 90 min, or

actually falling.

Finally, the use of EMP as a validated marker of EF may be further strengthened with
the results provided in this thesis. Recently, fellow colleagues (Chrismas et al., 2010)
conducted a study that comprised of 5 healthy males that were recreationally active, and
it could be argued that the participant population were comparable with the participants

in chapters 4, 5 and 6, given that no differences in EMP concentration occurred between
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genders at rest. Additionally, the mean ages were comparable between Chrismas et al
(2010) and those used in this thesis (23 + 6 years and 23 + 4 years respectively).
Chrismas et al (2010) measured CD105+ MP by FC in accordance with the protocol
used throughout this thesis. With respect to the resting concentrations of CD105+ MP, it
may suggested that concentrations appear comparable to those in Chrismas et al (2010)
when using all participants across chapters 4, 5 and 6 (818 = 94 CD105+ MP per pl PFP
in this thesis). Furthermore, Madden et al (2010) tested concentrations in CD105+ MP
in five healthy males using the same protocol as in the previous study discussed and this
thesis. It may be suggested again that resting values of healthy participants in this thesis
fall close to those in this published research, although detailed results are not available.
These results do however support that EMP concentrations can be a reliable source of
EF as the concentrations from this thesis appear to fall within close proximity of

published research using similar participants at rest.

This chapter was able to show that across multiple studies and using a wide spectrum of
human participants, CD105+ MP and CD106+ MP appear to be consistent and a reliable
measure of EF at rest/pre exercise and during post exercise recovery. In general, these
biomarkers were elevated in participants with PCOS, a condition known to present with
ED (Paradisi et al., 2001; Thomson et al., 2012) when compared with healthy

volunteers.
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Chapter 10: General Discussion
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10.1 Introduction

This thesis has investigated a series of acute and chronic exercise sessions in both health
and diseased populations. The experiments set out to assess the EMP response to highly
strenuous, acute exercise in both males and females. The thesis then looked at acute
exercise completed over a longer duration in healthy males. Further to this, subsequent
chapters assessed different techniques of EF as a result of exercise in sedentary
individuals, and in women with PCOS during an exercise intervention. The purpose of
the current section is to further discuss the findings of this thesis and to highlight areas
for future research. Prior to this, it is important to re-address the aims and main findings

of each chapter.

¢+ Experiment 1 (chapter 4) — The aim of this chapter was to assess the damage of
the endothelium of healthy males by measuring EMP following acute, highly
intense cycling, and to see if the ingestion of NaHCO;3 affected any possible
damage.

- Highly strenuous repeated sprint cycling was sufficient enough to elicit
sufficient endothelial damage in healthy males. Additionally, it was found that
the ingestion of NaHCO;3; had no effect on the quantity of EMP released after
exercise. This then led to the combination of placebo and experimental data, and
from this data it was apparent that both CD105+ MP and CD106+ MP rose
significantly from rest and immediately post exercise respectively to a peak
value at 90 min post exercise. A decline in both markers was evident from 90
min to 180 min post exercise, but there was no statistical significance between

these two points.
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Experiment 2 (chapter 5) — The aim of this chapter was to verify the EMP results
from experiment 1 and to examine the effects of an identical exercise protocol in
healthy females, without the ingestion of NaHCOj3. An additional aim was to
further assess the damage of the endothelium post exercise by the addition of a
blood draw at 45 min post exercise.

Highly strenuous sprint cycling was again sufficient to cause ED, as seen by a
rise in CD105+ MP at 90 min post exercise in healthy females. For both
markers of EF, this population showed signs of endothelial repair as evidenced
by a decline in MP at 180 min, but this value was not significant. This chapter
also highlighted that shear stress may be an important factor in ED. Although it
was not possible to measure this specifically, HR and SBP were significantly
affected by exercise that may have contributed to the ED seen. The findings here
verified those seen in experiment 1, as an acute exercise bout significantly
increased EMP, and showed signs of a return to baseline levels within a

relatively short time frame.

Experiment 3 (chapter 6) — This experiment investigated the effects of a longer
duration, high intensity aerobic exercise bout of 90 min cycling on the EMP
response in healthy males in order to see the effects of a more prolonged
exercise on EF. Following on from the previous chapter, factors of shear stress
were measured in order to assess the influence of these factors on the quantity of
EMP.

The findings from chapters 4 and 5 were verified as EF was significantly
affected by exercise, as seen by rises in EMP at several time points post
exercise. Additionally, the endothelium was repaired within 180 min of ceasing

exercise. The additional blood draw suggested that levels of EMP appear to be
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rising from immediately post exercise, through 45 min to a peak value of 90 min
post exercise, consistent with the previous two chapters. Levels of pH, lactate
and HR were significantly affected by exercise at each of the time points
measured, indicating a possible influence of shear stress on the changes in EF

seen as a result of exercise.

Experiment 4 (chapter 7) — This experiment investigated EF in sedentary, but
otherwise healthy individuals, through the use of EMP (CD105+ MP and
CD106+ MP) and the EndoPAT-2000. The aim of this study was to assess the
use of these two assessment methods and if they differed in any way as a result
of a moderate intensity acute bout of exercise.

Exercise was not strenuous enough to see any impairment in EF as indicated by
+ EMP levels and the EndoPAT-2000 device. Additionally, there was no
correlation between + EMP levels and RHI, although there was a slight
relationship reflecting a poorer RHI score with higher + EMP levels, but this

was not significant (r = -0.327, p = 0.171).

Experiment 5 (chapter 8) — This experiment was carried out to investigate if EF
could be improved as a result of a supervised, short term, moderate intensity
exercise programme in women with PCOS.

The main finding of this chapter was that EF was improved in PCOS women as
a result of 8 weeks of moderate intensity exercise, and this improvement was not
seen in control women. This was evidenced by a significant reduction in CD105
+MP from pre (2113 CD105+ MP per pl PFP) to post (424 CD105+ MP per pl
PFP) exercise programme (p = 0.025). Additionally, improvements were seen in

SBP, DBP, WC, body mass, BMI and cardiorespiratory fitness.
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«» Experiment 6 (chapter 9) — This chapter was a summary chapter investigating
the comparison of data across previous experimental chapters. The aim of this
chapter was to determine if resting/pre exercise levels of + EMP differed
between populations, and also to represent a typical response in EF as a result of
acute exercise.

- This chapter strengthened the use of CD105+ MP and CD106+ MP as markers
of EF in participants of varying health status and gender at rest/pre exercise
and during post exercise recovery. This chapter also highlighted the need for
additional studies in this area of research with larger participant numbers and a

more intense and closely monitored MP pattern post exercise.

10.2 CD105+ MP and CD106+ MP responses to exercise

It is highly possible that the increases in CD105+ MP and CD106+ MP seen in the acute
exercise bouts (chapters 4, 5 and 6) were down to shear stress factors, but these were not
studied extensively, as this would have been a very complex measure that was
originally not a main consideration of the thesis. An attempt was however made
following the first experimental study (chapter 4) to measure haemodynamic variables
such as HR and BP in order to suggest reasons for the increase in EMP concentrations
as in previous research suggesting similar notions (Chen, Chen & Wang, 2010; Jee &
Jin, 2012; Sossdorf et al., 2011), but more detailed research is a necessity. In one of the
more recent studies to assess the effects of exercise on endothelial markers, 24 male
marathon runners were assessed at different stages of an ultra-marathon race of 308 km
in distance (Jee & Jin, 2012). The amount of sCD106 and sCDG62E significantly
increased from baseline to a peak at 100 km of the race. These increases at the early

phase of the race suggest that the endothelium was activated and the release of
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endothelial markers were dependent on the exercise intensity. Interestingly, the mean
running speeds correlated to the trend of sCD106, suggesting exercise intensity is an
important factor in the release of adhesion molecules. Increased blood velocity is a
typical characteristic of increased physical activity (Bartzeliotou et al., 2007), and there
Is also an increased oxygen demand in working muscles and increased cardiac output,
which subsequently elevates circulating blood and shear stress on the blood vessel walls
(Marsh & Coombes, 2005; Stewart et al., 2004). Such increases in shear force would
explain the release in endothelial markers, and especially the increases seen in the early

phases of vigorous exercise, and warrants further understanding.

Chapter 9 was conducted in order to compare data between studies, and this thesis
primarily observed changes in CD105+ MP and CD106+ MP post exercise, achieving
an observed peak 90 min post exercise. This response was seen in the acute bouts of
highly strenuous exercise, but not seen in chapter 7, an acute bout of moderate intensity,
indicating that the nature of the exercise is a key component in EMP release. This
finding as discussed in previous chapters is thought to be as a result of shear stress and
increased oxidative stress (Vince et al., 2009b). In relation to EMP concentrations as a
result of an exercise programme, chapter 8 was able to show that levels of CD105+ MP,
but not CD106+ MP, were able to improve in women with PCOS after a moderate
intensity exercise programme. This is a highly novel finding, as to the authors
knowledge, there is currently no other study that has assessed EMP in PCOS women
across an exercise intervention of any kind. Recently however, and in agreement to this
chapter, Sprung et al (2013a) presented an improvement in BA-FMD as a result of
moderate intensity exercise in PCOS women compared to control PCOS women
receiving no exercise intervention. These findings, alongside those from this thesis,

suggest that supervised, moderate intensity exercise training should be implemented as
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a treatment for ED and primary prevention of CVD in women with PCOS, and we are

able to present justification of EMP as a measure.

10.3 Biomarkers of EF

The investigation of EF throughout this thesis was conducted with CD105+ MP and
CD106+ MP, and so it is not known if the use of other markers of the endothelium
would have produced similar results. Following a recent position statement from the
European Society of Cardiology working group on peripheral circulation (Lekakis et al.
2011), it may be suggested that other EMP markers that were not used throughout this
thesis are available in order to further attest for the endothelial origin of MP. This group
suggest that CD144, CD146, and CD62E appear strong markers for EMP detection. It
was in the author’s interest to use more markers, given that the use of limited markers
may under represent EF (Haghjooyejavanmard & Nematbakhsh, 2008) but there were
constraints on this. At present, a phenotypically uniform marker that encompasses
varying disease indications is lacking (Yong, Koh & Shim, 2013). The standardisation
in detection of MP is required and would prove useful in the risk stratification and
prediction of disease outcomes in patients at risk. However, the markers used in the
current thesis do cover the endothelium, as CD106+ MP are specifically expressed on
activated endothelium (Madden et al., 2010), and CD105+ MP are expressed on
vascular endothelial cells (Dallas et al., 2008). There have been numerous efforts to
standardize the enumeration of MP (Robert et al., 2009), but there still exists no
standardised methods for the measurements of MP. Additionally, studies looking at the
effect of in vivo derived MP isolated from plasma may be fraught due by pre-analytic
alterations introduced by the collection method (Mullier et al., 2013). In order to

account for this, all variables were controlled during this thesis through the adoption of
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a standard protocol for MP quantification. An MP region was established using
megamix beads (Biocytex, France) according to the current International Society on
Thrombosis and Haemostasis Scientific and Standardization Subcommittee protocol
(Lacroix et al., 2010). This standard protocol has been well used by fellow research
colleagues for MP quantification (Chrismas et al., 2010; Madden et al., 2010; Vince et

al., 2009a;b) and should be implemented in future research.

In conclusion, the data presented here has strengthened the notion that ED is a
mechanisms induced by highly strenuous exercise, and also presents in women with
PCOS, and somewhat in sedentary, otherwise healthy individuals. The data also
suggests that exercise training can be hugely beneficial in improving EF in PCOS
women, and also the endothelium appears to be at its most damaged within 90 min of
ceasing highly strenuous exercise, but the endothelium can be repaired in healthy males

and females. However, these findings would need to be evaluated in further studies.

10.4 Recommendations for future research

This thesis has demonstrated that CD105+ MP and CD106+ MP have the potential to be
considered as effective markers of EF as a response of acute and chronic exercise in
both health and diseased populations. Recommendations for future work in this project
include the continuation of the acute exercise bouts with the addition of an appropriate
measure of shear stress on MP release, as this remains largely speculative (Chen,Chen
& Wang, 2010). The impact of differing modes, duration and intensities of exercise
should be explored further, as highly intense exercise has previously been shown to

have no impact on EMP (Chaar et al., 2011). Adaptation of the clinical studies (chapters
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7 and 8) would be very useful to support and extend the preliminary findings from this
thesis, in a field that is ever growing with popularity and research. Predominantly,
achieving greater recruitment numbers for the PCOS arm would enable further analysis
and sub populations to be formed, enabling correlation of body composition with EMP
as seen in previous research (Esposito et al., 2006). The latter study showed that body
composition was an important factor in numbers of EMP and PMP, suggesting a key
role for WHR, and this should be explored further. In addition, other methods of
analysing EF, such as FMD, could be implemented alongside current methods in order
to further validate the use of MP biomarkers. Furthermore, more research is needed in
order to investigate any differences in resting MP levels between genders, and also test
the effect of the menstrual cycle on these concentrations of MP, as this area remains

scarce (Toth et al., 2007).

Although the levels of + MP were unexpected in some circumstances, such as CD106+
MP in chapter 6, it does appear that concentrations of these biomarkers can represent EF
as one would expect based on the wealth of research that is currently being published.
Future research should however attempt to adhere to a standardised technique for MP

quantification and implement this in larger population sizes.
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