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Abstract

Introduction: Deterioration in vascular health contributes to cardiovascular disease.
Ageing is independently associated with poorer vascular health. Furthermore, the rate
of decline in vascular health differs between genders. Exercise-induced shear rate
(SR) is hypothesised to be an important stimulus for improvements in vascular health.
How interval (IT) and continuous (CON) exercise affect patterns and volumes of SR
to modify acute and chronic vascular health across the lifespan and between genders
has not been explored. The overall aim of this thesis was to characterise in-exercise
SR during IT and CON exercise and assess acute and chronic effect endothelial

function and biomarkers of endothelial cell phenotype.

Methods: Ultrasound was used to determine acute and chronic endothelial function
following exercise and the association with in-exercise SR. Circulating microRNA-21
expression both acutely and chronically was assessed as a biomarker of SR
response. Firstly, 13 young healthy participants underwent 4 separate acute exercise
sessions consisting of intensity and duration matched CON and IT exercise.
Secondly, 16 younger and 11 older (males and females) participants underwent a 4-

week training intervention comprising either CON or IT.

Results: Pattern of in-exercise SR followed the work rate profile of the exercise.
Despite differing SR patterns there was no difference in volumes of anterograde and
retrograde SR between protocols, with all exercise protocols inducing retrograde SR
and brief periods of purely oscillatory SR, in the first study. Acute endothelial function
increased and microRNA-21 expression decreased irrespective of exercise protocol.
In the second study, IT induced greater volumes of retrograde SR compared to CON
and decreased with training. Endothelial function improved acutely and chronically
whilst chronic microRNA-21 expression increased following both IT and CON training

irrespective of age or gender.



Discussion: In-exercise pattern of SR was driven by heart rate and blood flow.
Pattern of SR differed between CON and IT exercise protocols in the second study
only. However, all exercise protocols in both studies produced predominantly laminar
SR resulting in equivalent improvements in acute and chronic endothelial function,
with no influence of age or gender. MicroRNA-21 expression was differentially

affected by acute and chronic exercise irrespective of protocol.
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Chapter 1 Introduction

Cardiovascular disease (CVD) remains a leading cause of morbidity and mortality
explaining 31% of worldwide deaths (Hajar, 2016). CVD accounts for 28% of deaths
in females and 29% of deaths in males in the UK, with the main causes of death
attributed to coronary heart disease (46%) and stroke (26%) (Bhatnagar et al., 2015).
Mortality from CVD related events has decreased over the last decade, however the
cost to the NHS for treatment in 2012/2013 was £6.8 billion, of which 63.4% was

spent on secondary care (Bhatnagar et al., 2015).

Ageing is an important factor which increases the incidence of CVD (Seals et al.,
2011). However, risk does not increase equally between males and females
throughout the lifespan. Males have an increased CVD risk compared to females who
appear to display cardiovascular protective effects until the menopause (Celermajer
et al., 1992). Following the menopause females display a rapid decline in
cardiovascular health which becomes equivalent to that of age matched males
(Celermajer et al., 1992). Importantly, whilst females exhibit lower cardiovascular
morbidity rates compared to males, females have higher rates of cardiovascular
associated mortality (Lloyd-Jones et al., 2010). Additionally, following a cardiac event
females have a poorer prognosis compared to males with 43% of females dying within
5 years following the event compared to 33% of males (Lloyd-Jones et al., 2010). The
difference in mortality rates following a cardiovascular event between genders is
perhaps due to a lack of awareness of CVD symptoms in females (Maas and
Appelman, 2010) as symptoms of an event can present differently between genders

(Vaccarino et al., 2009). Additionally, research often neglects females as fewer



clinical trials and intervention studies have been conducted on females (Wenger,

2012), therefore gender differences will be explored in some aspects of this thesis.

The Framingham Heart Study identified the major risk factors for CVD: high blood
pressure, high cholesterol, obesity, smoking, diabetes and physical inactivity in
addition to related risk factors such as age and gender (Hajar, 2016). However, these
aforementioned traditional CVD risk factors account for only 60% of CVD risk, the
remaining 40% is thought to be related to direct changes within the vascular
environment (Green et al., 2008, Joyner and Green, 2009, Mora et al., 2007, Thijssen
et al., 2010). In particular, endothelial dysfunction and arterial stiffness are believed

to be important components of the remaining parameters of CVD risk.

The underlying pathology for CVD is atherosclerosis which is characterised by lesion
formation and inflammation (Ross, 1999). The initial stage of atherosclerosis
development comprises of endothelial dysfunction prior to any notable plague
formation forming in the arterial wall (Ross, 1999). Arterial stiffness appears to occur
later in the progression of atherosclerosis as a result of thickening of the arterial wall
(van Popele et al., 2001). The development of endothelial dysfunction and arterial
stiffness is related to ageing and a lack of physical activity (Seals et al., 2008) with
gender also having an important role. High levels of oestrogen in females appears to
have a cardiovascular protective effect, with risk of CVD higher in males than females
until females reach the menopause (Shaw et al., 2006). Following menopause when
oestrogen levels are reduced females lose the cardiovascular protective effect
afforded by oestrogen, and CVD risk becomes equivalent to age matched males

(British Heart Foundation, 2012).

Physical inactivity is an important risk factor for CVD development, as 6-10% of alll
global deaths from non-communicable diseases have been attributed to physical

inactivity (Lee et al., 2012). The UK Government has guidelines for achieving physical
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activity which promotes health benefits, these guidelines currently suggest 150
minutes of moderate intensity exercise per week or 75 minutes of vigorous exercise
per week. The proportion of the UK adult population who do not currently meet
minimum Government targets for physical activity is 39% (BHF, 2017). Gender also
appears to be an important factor in whether individuals achieve these guidelines,
with 55% of females in the UK meeting physical activity guidelines compared to 67%
of males (BHF, 2015). Physical activity declines with age and may further confound

increasing CVD risk in older populations (BHF, 2015).

Physical activity and exercise are important in preventing declines in vascular health
as increases in heart rate lead to increased endothelial wall shear stress caused by
blood flow interacting with the arterial wall. Until now little research has focussed on
the characterisation of shear during aerobic continuous type exercise to determine
the role of exercise-induced shear upon outcomes of vascular health. Recently
interval exercise has become more popular way of exercising and not just for athletes.
Sedentary populations in addition to patient populations have all benefited from
interval type exercise (Burgomaster et al., 2008, Wislgff et al., 2007). However, how
this type of exercise affects shear and whether it is more beneficial than current
government guidelines for improvement of vascular health is yet to be delineated.
Furthermore, the interaction of gender and ageing upon shear rate in response to
different types of exercise has not been explored. Therefore, the purpose of this thesis
is to explore the patterns of shear rate during interval and traditional continuous
exercise in order to assess their affect upon markers of acute and chronic vascular

health in young and older populations and between genders.



Chapter 2 Literature review

Throughout this thesis similar terms will be used which having different meanings.
Therefore, to avoid confusion the following description of terms will be used:

Shear stress is the frictional force of blood flow acting parallel to the endothelial cells
when the viscosity of the blood flow is known, for example in cell culture studies.
Shear rate is the frictional force of blood flow acting parallel to endothelial cells when
the viscosity of the blood is unknown and is therefore, commonly used when human
participants have been studied.

Interval exercise (IT) is a global term used to describe exercise which is characterised
by multiple “work” and “recovery” bouts within a single exercise session.

High intensity interval exercise training is a specific type of interval exercise training
whereby the “work” bouts are prescribed at high intensity and short durations, thus
requiring a more anaerobic metabolism.

Aerobic interval exercise training (AIT) is also a specific type of interval exercise
training, however the “work” bouts are of a longer duration and thus require aerobic

metabolism to complete this type of exercise.

2.1 Healthy vascular function

2.1.1 Arterial structure

Muscular arteries consist of multiple layers with each layer possessing specific
regulatory roles (Figure 2.1). These layers are also required to interact with each
other to maintain healthy vascular functioning. The innermost layer of an artery is the
tunica intima which consists of the endothelium (Figure 2.1) on the luminal side and
the internal elastic lamina on the other side (Lusis, 2000). Between these layers is

the extracellular matrix of connective tissues which is primarily comprised of
4



proteoglycans and collagen (Lusis, 2000). The media layer is predominantly made up
of vascular smooth muscle cells (VSMC), which relax or contract in response to
signals received from the endothelium, in addition to elastin and collagen fibres
(Lusis, 2000). Finally, the outer most layer is the adventitia which is separated from
the media by the external elastic lamina and consists of connective tissues (elastin
and collagen) interspersed with fibroblasts and VSMCs (Lusis, 2000). The purpose of
the adventitia is to anchor the vessel in position within the surrounding tissues and

provide structural support to the artery.

The endothelium of the tunica intima is a single layer of cells which are critical in
promoting an anti-atherogenic environment. Endothelial cells maintain arterial wall
impermeability, preventing atherosclerotic plague formation (Rubanyi, 1993), and
control vasomotor tone, regulating pressure throughout the vascular system (Bonetti
et al., 2003). As endothelial cells are in direct contact with blood and circulating cells
they have the ability to sense changes in blood flow as a result of altered frictional
forces (shear stress) applied to the endothelial cells from within the lumen. They
respond by synthesising and secreting substances to maintain a healthy vasculature.
The ability of endothelial cells to sense stimuli within the lumen is due to
mechanosensors, the process of mechanotransduction is described in section
2.1.3.1. Mechanosensors can also protrude into the lumen from the surface of the
endothelial cells, for example the glycocalyx and isolated G proteins both of which
are triggered by changes in shear stress. Furthermore, changes in luminal shear
stress can activate endothelial adheren junctions and integrins which alters
cytoskeleton structure of the endothelial cell (Quillon et al., 2015) and activates

downstream pathways which regulate vasomotor tone (Quillon et al., 2015).
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Figure 2.1 Arterial structure with the layers of the artery highlighted. The endothelium
is a single layer of cells within the tunica intima layer which regulates the relaxation or
constriction of the vascular smooth muscle cells within the media layer. Reproduced
from Lusis (2000).

2.1.2 Role of the endothelium in maintaining healthy vascular

function
A key role of the endothelium is control of vasomotor tone thus regulating pressure
throughout the vascular system (Bonetti et al.,, 2003). The endothelium senses
changes in mechanical stress within the lumen and releases vasodilators or
vasoconstrictors as appropriate. Nitric Oxide (NO) is an important vasodilator
molecule released from the endothelium in response to chemical (acetylcholine) and
mechanical (shear stress) stimuli. Whilst NO is derived in the endothelium it migrates
to the VSMC of the tunica media causing vasodilation. Traditional CVD risk factors
often do not incorporate assessment of endothelial health; however, the phenotype
and function of the endothelium have a critical role in CVD development and
progression and could provide important prognostic information on future

cardiovascular events.



2.1.3 Nitric oxide and vasodilation pathway

Endothelium derived relaxation factor was previously discovered in the 1980’s by
Furchgott and Zawadaski. At this time the role of the endothelium in regulating
vasomotor tone was unknown. Upon application of acetylcholine to rabbit aorta with
either an intact endothelium or denuded endothelium, only the aorta with an intact
endothelium was shown to vasodilate (Furchgott and Zawadzki, 1980). It was
supposed that the endothelium released factors in response to luminal stimuli which
governs whether the vessel dilates or constricts. The most widely known endothelium-
derived relaxation factor (EDRF) is nitric oxide which is released from the endothelium
in response to shear stress stimuli (Berdeaux et al., 1994, Tuttle et al., 2001). Another
known EDRF is prostacyclin which has also been shown to contribute to VSMC

relaxation through cAMP, however this has not been investigated further in this thesis.

In addition to being a potent vasodilator, NO mediates many other atheroprotective
processes through its actions as an anti-inflammatory, anti-thrombotic and anti-
hypertrophic molecule (Vanhoutte et al., 2009). In a healthy endothelial cell, the
increased bioavailability of NO inhibits leukocyte adhesion and migration displaying
its anti-inflammatory properties (Vanhoutte et al., 2009). Furthermore, NO inhibits
platelet adhesion and aggregation to the endothelium and prevents VSMC
proliferation and migration (Vanhoutte et al., 2009). The resulting effect of
upregulation of NO is the promotion of an anti-atherogenic endothelial cell phenotype

and reduced CVD risk (Vanhoutte et al., 2009).

Following the discovery of the importance of the endothelium in the control of arterial
vasodilation, via production of NO, a stimulus for vasodilation and NO upregulation
was sought. It was determined that arterial vasodilation was blood flow dependent
and not due to changes in vascular metabolism or pressure sensitive myogenic
responses (Koller et al., 1993). A previous study found that increases in “viscous
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drag”, now termed shear stress, was the stimulus for acute vasodilation (Rodbard,
1975). Shear stress is the frictional force of blood flow through the artery which
contacts the endothelium (Davies, 2009). Prolonged exposure to increases in blood
flow and shear stress was suggested to induce vessel wall remodelling (Rodbard,
1975). It has since been shown that shear stress plays an integral role in arterial
vasodilation via upregulation of NO within intact endothelial cells (Rubanyi et al.,

1986).

2.1.3.1 Mechanotransduction

Shear stress is now known to stimulate vasodilation through interaction of blood flow
in the lumen with endothelial cells. The ability of the endothelium to sense changes
in mechanical stresses, such as changes in intraluminal pressure, transluminal strain
and fluid shear stress, is associated with mechanosensors on the surface of the
endothelial cells (EC) (Davies, 2009). Mechanosensors can range from local
membrane structures such as ion channels, G proteins and changes to phospholipid
metabolism to specialised structures such as primary cilia and the glycocalyx (Davies,
2009). Primary cilia and glycocalyx are present on the surface of the endothelial cells
and extend into the lumen, however primary cilia are predominantly only present in
regions of low and disturbed blood flow whereas the glycocalyx is present in areas of
high flow too (Van der Heiden et al., 2008, Davies, 2009). The mechanical shear
stress is converted into a biochemical signal via deformation of the glycocalyx which
activates ion channels via direct signalling or via conformational changes to the
cytoskeleton (Davies, 1995). Mechanotransduction can also occur via junction
signalling where the forces detected on the luminal surface of the EC are transferred
to intercellular junction protein complexes via the cytoskeleton (Davies, 1995, Davies,
2009). Another important aspect of mechanotransduction to consider is the effect

upon the nucleus, the importance of the nucleus responding to shear stress becomes



apparent later in this thesis when considering microRNAs. Deformation of the
cytoskeleton within the cytoplasm of the cell can lead to nuclear deformation which
can result in mechanically induced signalling detected in the nuclear membrane
(Davies, 2009). It is through this process that alterations in luminal conditions changes
gene expression within the EC regulating longer term NO production through mRNA

and protein transcription.

2.1.3.2 Synthesis of nitric oxide and VSMC relaxation

Following activation of mechanosensors on the endothelial cell surface downstream
biochemical signalling pathways with the cytoplasm of the endothelial cell are
activated (Figure 2.2)(Davies, 2009). One such pathway is the calcium independent
phosphoinoside 3-kinase (PI3K) and protein kinase B (Akt also known as PKB)
pathway (Gielen et al., 2010). Deformation of the glycocalyx activates vascular
endothelial growth factor receptor-2 (VEGFR2) which activates PI3K (Gielen et al.,
2010). PI3K causes phosphorylation of Akt and then induces Akt mediated
phosphorylation and activation of the enzyme endothelial nitric oxide synthase
(eNOS) at the serine!!’” site on eNOS (Dimmeler et al., 1999). eNOS is located at the
luminal endothelial cell membrane (Gielen et al., 2010) and upon activation electrons
are transferred from nicotinamide adenine dinucleotide phosphate-oxidase (NADPH)
at the reductase site of eNOS via Flavin adenine dinucleotide (FAD) and then Flavin
mononucleotide (FMN) to the oxygenase area (Figure 2.3) (ALDERTON et al., 2001).
The electrons then interact with a haem ion and tetrahydrobiopterin (BH4) to catalyse
the conversion of oxygen and L-arginine into NO and L-citrulline (ALDERTON et al.,

2001); NO is then free to diffuse into the VSMC (Figure 2.2)(Kinlay and Ganz, 1997).
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Figure 2.2 Shear stress stimulating the mechanosensors (black square) on the luminal
surface of the endothelial cell which triggers a biochemical pathway to upregulate NO
production which diffuses into the vascular smooth muscle cell where

hyperpolarisation of the cell induces vasodilation. Adapted from Higashi and
Yoshizumi (2004).
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Figure 2.3 The actions of the eNOS enzyme in the production of NO within the
endothelial cell. Reproduced and modified from ALDERTON et al. (2001).
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NO within the VSMC binds to and stimulates the enzyme guanylate cyclase (GC); GC
catalyses the dephosphorylation of guanosine triphosphate into cyclic guanosine
monophosphate (cGMP) (Figure 2.2)(Cohen and Vanhoutte, 1995). cGMP is a
secondary messenger within VSMCs which directly activates protein kinase G
(Burgoyne and Eaton, 2010) resulting in phosphorylation of multiple targets capable
of regulating both intracellular calcium concentration and contractile protein calcium
sensitivity (Burgoyne and Eaton, 2010). An example of these targets is the large
conductance calcium activate potassium channel which lies on the VSMC membrane,
activation of protein kinase G increases the probability of the potassium channel
opening (Burgoyne and Eaton, 2010). Hyperpolarisation of the membrane of the
VSMC results from increased exportation of potassium via the aforementioned
channel in addition to closing of voltage dependent calcium channels leading to a
reduction in total calcium influx into the VSMC (Burgoyne and Eaton, 2010).
Reductions in intracellular calcium concentrations within VSMC leads to
dephosphorylation of myosin light chains, allowing myofilament cross-bridge cycling
resulting in relaxation of the VSMC (Burgoyne and Eaton, 2010). Relaxation of VSMC
causes vasodilation of the artery, normalising increases in intraluminal pressure and

prevents endothelial dysfunction.

2.1.4 Determinants of shear stress

As stated earlier shear stress is a driving factor in vasodilation through upregulation
of NO production in endothelial cells. There are predominantly two types of blood flow
through an artery producing either laminar or oscillatory shear. Laminar shear is
characterised by steady blood flow travelling in a single direction, parallel to the vessel
walls (Nichols and O'Rourke, 1998). This type of shear is highly associated with
promoting healthy ECs during cell culture and upregulation of NO (Guo et al., 2007).

In-vitro experiments typically assess shear stress in arteries which are predominantly

11



straight tubes with a constant cross-sectional area, replicating the brachial artery for
example. As blood flow is principally unidirectional when assessed in straight tubes
like the brachial artery, shear stress can be determined through mathematical
modelling via Poiseuille’s equation, see Davies (2009). The equation takes into
account the radius of the artery, blood viscosity and blood flow velocity whilst a
constant pressure is maintained (Figure 2.4). Poiseuille’s equation where 1 is shear

stress, R is radius, Q is flow rate, p is fluid viscosity (Davies, 2009):

_ 4uQ
TR

Equation 1

It is apparent from Poiseuille’s equation that small changes in the radius of the artery
produce large changes in shear stress and importantly changes in shear stress alter

the radius of the artery.

—p
Radius (R)
BloodFlow(Q) . ) _ % _ _ _
Blood Viscosity (w1
—p

Figure 2.4 Laminar shear through a straight artery, for example the brachial artery, can
be determined via Poiseuille’s equation (Equation 1). Adapted from Koskinas et al.
(2009)

Oscillatory shear typically occurs at anatomical points within the blood vessel, for
example branch points, curvatures and bifurcations as can be observed in Figure 2.5

(Davies, 2009) where there is no net forward blood flow (Hwang et al., 2003). The
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aforementioned anatomical points are characterised by low shear caused by low flow
velocities, multidirectional force vectors, and steep temporal and spatial gradients
(Davies, 2009) ultimately altering endothelial cell phenotype, at branch points,
curvatures and bifurcations, becoming atheroprone (Davies, 2009). A general formula
to determine whether blood flow could be identified as oscillatory was recommended

by Nichols and O'Rourke (1998):
Re = 4mV Jv

Equation 2

Where 4m is the diameter of the vessel, V is the mean velocity of flow, v is the
kinematic viscosity. This equation provides Reynolds number (an arbitrary number)
which describes the transition of flow from linear to oscillatory. Through animal and in
vitro experiments, a Reynolds number of 2000 has been suggested to be the critical
point at which laminar flow becomes oscillatory (Nichols and O'Rourke, 1998). This
is due to a reduction in blood flow velocity and increasing volumes of blood flow
travelling in random cross-sectional movements (Nichols and O'Rourke, 1998). Below
2000 flow is mainly laminar and it is reported to be difficult to induce any oscillatory
flow (Nichols and O'Rourke, 1998). The process of laminar shear transitioning into
oscillatory shear has been described by Schiller (see Goldstein (1938) and Nichols
and O'Rourke (1998)) whereby blood flow appears to exist in three distinct phases.
Firstly there is laminar flow which is comprised of completely undisturbed,
unidirectional blood flow parallel to the vessel wall (Nichols and O'Rourke, 1998). The
second phase occurs at an increased Reynolds number, blood flow during this phase
begins to exhibit a wave like motion (Nichols and O'Rourke, 1998). Oscillations in the
flow can become larger with small vortices forming (Nichols and O'Rourke, 1998).

The final phase comprises of larger and more frequent vortices which combine to
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produce large oscillations in flow and results in a higher Reynolds number which

would be >2000 when the equation is utilised (Nichols and O'Rourke, 1998).

Figure 2.5 A computational model of blood flow through the carotid artery bifurcation.
The area within the black circle shows an atheroprone area due to the endothelial cells
experiencing oscillatory shear. Modified from David Steinman, University of Toronto.

The best measurement of oscillatory flow is the pressure gradient-flow relationship
which provides an indication of the degree of deviation from laminar flow (Nichols and
O'Rourke, 1998). During laminar shear the pressure gradient varies in a linear
manner with the rate of flow (Nichols and O'Rourke, 1998). In contrast, with oscillatory
shear this relationship varies as a greater pressure gradient is necessary to maintain
oscillatory flow, i.e. more energy is required to maintain this type of flow due to the
increased movement of the flow in multiple directions (Nichols and O'Rourke, 1998).
However, determining this pressure flow gradient in vivo is difficult which is especially
true during exercise. An alternative method which has been cited in several
publications is the oscillatory shear index (OSI) which is relatively easy to determine
in vivo when anterograde (from forward blood flow) and retrograde (from decelerative
blood flow) shear rate have already been determined (equations detailed in section

3.7.2). OSI provides a measure of the shear at a point of interest where the shear
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acting in contrast to the majority of the flow are taken into account and quantified
(Davies, 2009). This measure has been used throughout current literature where
ultrasound has been used to explore types and ratios of anterograde and retrograde
shear rate in vessels, equation in section 3.7.2. An OSI of 0-0.5 is classified as being

laminar and an OSI>0.5 is oscillatory (Padilla et al., 2011c).

Pulsatile shear, although categorised as a type of laminar shear due to an overall net
forward flow (Hwang et al., 2003), may possess brief periods of oscillatory flow. The
pulsatile nature of blood flow may lead to instability of the flow which can result in
turbulence and oscillatory shear (Nichols and O'Rourke, 1998). Peak systolic ejection
(a point of maximal flow velocity) was shown to briefly disrupt laminar shear before
returning to normal during low flow velocity in diastole within rabbit aorta (distal to the
renal arteries) causing turbulence (McDonald, 1952). However, the period of
oscillatory shear was very brief (50 ms), thus it was concluded that this period of
oscillatory shear was too brief to be damaging and was part of normal physiological

blood flow during a cardiac cycle (McDonald, 1952, Nichols and O'Rourke, 1998).

2.1.5 MicroRNAs in regulation of endothelial cell phenotype

Mechanisms which can be genetically inherited and are capable of affecting gene
expression without changing the base sequence of the DNA are defined as
epigenetics (Udali et al., 2013). Simply, epigenetics relates to the modification of DNA
that determines whether a gene is transcribed thus influencing cellular phenotype
(Udali et al., 2013). As the role of epigenetics has developed, investigations into the
relationship between genetics and epigenetics has led to further discoveries of the
environmental factors which can impact physiological processes and lead to
pathologies such as cancer (Udali et al., 2013). Over the last 20 years small, non-
coding RNA, termed microRNA (miRs), have been revealed as novel signalling

molecules which have the potential to control mechanisms related to numerous
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pathologies (Chen et al., 2012). MiRs are endogenous, single stranded RNAs which
are typically between 18-22 nucleotides long and do not code for proteins (Chen et
al., 2012). Instead of coding for protein synthesis, miRs regulate genes by binding to
the target gene at the 3’-untranslated region (Chen et al., 2012). This results in direct
degradation of messenger RNA (mRNA) or repression of translation via
perfect/imperfect complementary base pairing (Chen et al., 2012). Currently, 2000
human microRNA have been discovered (Boon et al., 2012) signifying the wide

spread regulation of cellular function that miRs exert (Chen et al., 2012).

Furthermore, microRNAs have been discovered within endothelial cells and have
been found to be responsive to shear stress. These flow sensitive miRs have been
shown to alter endothelial cell phenotype which can create either a pro-atherogenic
or anti-atherogenic endothelial cell environment depending upon which miRs are
upregulated (Kumar et al., 2014). This has implications upon overall vascular health

and CVD risk.

2.1.5.1 MicroRNA Biogenesis
MicroRNAs exist in 3 forms during biogenesis as they develop into functional gene
regulators. The biogenesis process is complex and will be briefly described here

(Figure 2.6).
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Figure 2.6 The biogenesis of microRNA from transcription in the nucleus of the cell to
its actions upon mRNA in the cytoplasm (Chen et al., 2012).

In the first stage, miR genes (located at introns) are transcribed with the mRNA genes
in the cell nucleus by RNA polymerase 2/3 (Lee et al., 2004). MiRs can be produced
as a single molecule as they contain primary transcripts, whilst other miRs can be
clustered together and are therefore expressed together (Chen et al., 2012). At this

stage miRs are known as primary miRs.

Following transcription, the primary miRs are cleaved into a hairpin structure
consisting of 60-100 nucleotides by a nuclear micropressor complex (Chen et al.,
2012). This micropressor complex is made up of RNAse 3 enzymes DROSHA and
DGCRS8 and yields precursor miRs (Chen et al., 2012). The precursor miR is then
exported from the nucleus to the cytoplasm by exportin-5 with Ran-GTP cofactor (Yi
et al., 2003). Once in the cytoplasm the precursor miR undergoes further processing
by RNAse 3 Dicer, forming the RISC complex (Gregory et al., 2005). This complex
cleaves the hairpin section of the precursor miR thus generating a miR complex

consisting of 22 nucleotides (Gregory et al., 2005).
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The miR duplex consists of two strands: a guide strand made of mature miR and a
complementary passenger strand (Chen et al.,, 2012). The guide strand is
preferentially incorporated into the miR RISC, containing proteins such as Dicer,
whilst the passenger strand is detached and rapidly degraded (Chen et al., 2012).
The guide miR binds to its target MRNA using base pairing, this causes translational

repression or degradation of the mRNA (Ghildiyal et al., 2010).

2.1.5.2 Shear as aregulator of miR

As discussed earlier (section 2.1.4), endothelial dysfunction and atherosclerotic
plagues are predisposed to forming at points in the vascular tree which are exposed
to oscillatory shear. Recently it has been demonstrated that laminar and oscillatory
shear stress can differentially alter specific microRNA expression within endothelial
cells, these flow sensitive miRs are termed mechano-miRs (Kumar et al., 2014).
According to the literature, there are currently 3 classes of mechano-miRs: 1) anti-
atherogenic, 2) pro-atherogenic and 3) those that have a dual role. Anti-atherogenic
mechano-miRs are either increased by laminar shear stress or decreased by
oscillatory shear stress in endothelial cells (Kumar et al., 2014). Conversely, pro-
atherogenic mechano-miRs are decreased by laminar shear stress and increased by
oscillatory shear stress (Kumar et al., 2014). Mechano-miRs which have a dual role
have been implicated in both anti-atherogenic and pro-atherogenic events with an
inconsistent sensitivity to different flows (Kumar et al., 2014). The dual role mechano-
miRs may also reflect that single miRs can affect multiple target mRNA. It is therefore
important to consider the context, cell type and environment when assessing the

overall response of the cell (Kumar et al., 2014).

The majority of mechano-miRs have been identified in endothelial cells during in-vitro
experiments due to difficulty in extracting endothelial specific RNA in-vivo. However,
assessing mechano-miRs in-vitro can also be problematic as mechanosensitive
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genes can become lost or dysregulated during the cell culture process (Son et al.,
2013). This therefore emphasises the importance of determining mechano-miRs in-

vivo to compare results with those of in-vitro studies.

In the present thesis, only one mechano-miR was selected from numerous
candidates. The miR was required to be affected by shear, play a role in the regulation
of endothelial cell phenotype and to be detectable within the circulation. On this basis
miR-21 was selected. Artificially induced oscillatory shear stress (0.5+4 dynes/cm?)
has been shown to upregulate miR-21 within cultured human umbilical vein
endothelial cells (HUVECS) (Zhou et al., 2011). Overexpression of miR-21 was further
shown to inhibit translation of its target gene peroxisome proliferator activated
receptor (PPARa) (Zhou et al., 2011). This resulted in increased vascular cell
adhesion molecule 1 (VCAM-1) and monocyte chemoattractant protein 1 (MCP-1)
expression, proteins associated with adhesion of monocytes to endothelial cells
(ECs) (Zhou et al., 2011) (Figure 2.7). This study suggests miR-21 aides in promotion

of a pro-atherogenic endothelial environment (Zhou et al., 2011).
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Figure 2.7 [A] Laminar shear stress can cause upregulation of miR-21 which inhibits its
target gene PTEN. Reduced expression of PTEN removes the inhibition of its antagonist
PI3k to allow eNOS to produce NO (Weber et al., 2010). [B] Oscillatory shear stress has
been shown to upregulate miR-21 which inhibits PPARa resulting in increases in
vascular adhesion molecules (Zhou et al., 2011).

HUVECSs exposed to laminar shear stress demonstrated a 5.2 fold increase in miR-
21 expression compared to control cells (Weber et al., 2010). Furthermore, the
phosphatase and tensin homolog (PTEN) gene was shown to decrease in response
to expose to laminar shear stress, it was subsequently confirmed that PTEN appears
to be a miR-21 target gene, whereby miR-21 can post-transcriptionally regulate its
expression (Weber et al., 2010). The role of PTEN within ECs is to increase apoptosis
and inhibit its antagonist PI3k therefore ultimately inhibiting the PI3k/Akt/eNOS
pathway (Weber et al., 2010) (Figure 2.7). This demonstrates that miR-21 acts in an
atheroprotective role by inhibiting PTEN to indirectly promote PI3k to act as an anti-

apoptotic (Weber et al., 2010).

The aforementioned studies demonstrate the dual role of miR-21 as a mechano-miR.

These in-vitro studies suggest that the mechanosensitivity of miR-21 may be transient
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and is an adaptive response when shear stress is imposed (Kumar et al., 2014).
Currently it cannot be determined as to whether mir-21 plays a pro- or anti-

atherogenic role in endothelial cells (Kumar et al., 2014).

2.1.5.3 Detection of MiRs within the circulation

Circulating miRs can serve as messengers between endothelial cells and VSMCs
with alterations in this communication implicated in the formation of atherosclerotic
plaques (Kumar et al., 2014). MiRs were discovered within the circulation in 2008
from human serum/plasma samples amongst other human bio fluids (Sapp et al.,
2017). The ability to detect miRs within the circulation enables them to be used as
potential biomarkers for physiological processes and disease. The advantage of
assessing circulating miRs is their ability to be rapidly upregulated therefore reflecting
real time physiological responses to a stimuli which may be missed when extracting
tissue or culturing cells (Baggish et al., 2014). Additionally, the collection of circulating
miRs and their high stability when frozen in plasma/serum demonstrate their potential

as useful targets as biomarkers for therapy (Sapp et al., 2017).

Circulating miRs originate from a variety of cells types before being secreted into the
circulation where they can travel to target cells in order to regulate physiological
functions. It is currently still unclear whether miRs are actively secreted or passively
shed into the circulation. Once in the circulation miRs are transported within
extracellular vesicles, proteins or HDLs (Sapp et al., 2017). Upon reaching their target
cell or tissue miRs are then able to regulate translation of complementary mRNA. It
appears that not all miRs are secreted into the circulation and that only a select few
undergo this deliberate release in response to specific stimuli for example shear

stress induced via exercise (Sapp et al., 2017).

Despite the promising role of miRs as circulating biomarkers of physiological

processes and disease there are several key issues which need to be resolved in this
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new research area. Firstly, the optimal time for venous sampling to detect circulating
miRs shed from cells following a specific stimulus remains unknown. Studies which
have used acute exercise as a stimulus to assess miR expression have taken blood
samples ranging from immediately after cessation of the exercise to 30min, 1 hr, 3hr,
24 hr, 48hr and 72 hr. There does not appear to be a clear consensus regarding the
optimum sampling time and this may partially explain the discrepancy in the literature.
Secondly, there is no known consistent housekeeping gene for quantification of
circulating miR expression during PCR, thus making comparison of circulating miRs
expression between studies difficult. Commonly a synthetic spike-in control not
expressed within humans is used during RNA extraction. This is used to normalise
samples based on efficiency of extraction and quantify target miRs compared to the
expression of the control within samples. However, other studies have normalised
expression based on a mean expression of all miRs within an array, or to a chosen
circulating miR which has been shown to have low variance within the circulation and
between samples. The inconsistency between studies shows the requirement for a
universally accepted and gold standard housekeeping gene for normalisation to

improve reproducibility and reliability.
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2.2 Ageing and Gender influences upon vascular health

Alterations to the normal structure and function of arteries are commonly observed in
the early stages of CVD. In particular endothelial dysfunction and arterial stiffening
are associated with the initial stages of atherogenesis (Healy, 1990). Atherosclerotic
lesions commonly form at weak points in the vasculature for example at bifurcations,
branch points and curvatures where the blood flow dynamics lead to activation of
exposed endothelial cells (Lusis, 2000). Activation of ECs produces a pro-atherogenic
phenotype which changes cell morphology, endothelial permeability and vasodilatory
capacity, key features of endothelial dysfunction (Bonetti et al., 2003). Both
endothelial dysfunction and arterial stiffening have an increased prevalence with
ageing and physical inactivity with differences in development observed between

genders.

The Framingham Risk Score was devised to calculate 10-year prediction of
cardiovascular events based on traditional CVD risk factors such as blood pressure,
cholesterol and diabetes. However, the Framingham risk score fails to predict up to
50% of future CV events (Naghavi et al., 2003), and older age predicted future CVD
independently of other traditional risk factors (Mahmood et al., Wilson et al., 1998).
Importantly, prevalence of endothelial dysfunction increases with age and can occur
in the absence of traditional CVD risk factors (Seals et al., 2011). Endothelial function,
assessed in peripheral conduit arteries via flow mediated dilation (FMD), has been
shown to progressively decline from age 40 years in males and 50 years in females
(Celermajer et al., 1994). Endothelial dysfunction is commonly observed in individuals
aged 65 years and above (Celermajer et al., 1994). Decline in endothelial function
with age is not specific to conduit arteries and has been observed throughout the

vascular system with the aorta most affected in rats (Barton et al., 1997) and reduced
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arterial vasodilatory capacity shown in downstream resistance vessels and the

microcirculation (Black et al., 2009).

2.2.1 Ageing negatively impacts cardiovascular health

Endothelial function, as assessed via FMD, has also been used to determine hazard
ratios in older adults. 2791 adults aged 72-98 years were assessed for FMD and
subsequently followed up for 5 years (Yeboah et al., 2007). Participants with FMD
above sex specific medians had a better cardiovascular risk factors than those with
lower FMD (Yeboah et al., 2007). Over the 5 year follow up 24.1% had an event with
19.1% never previously suffering from a cardiovascular event (Yeboah et al., 2007).
FMD was a significant predictor of cardiovascular events over a 5 year period in an
older population with a hazard ratio of 0.91 compared with traditional CVD risk factors
such as diabetes and hypertension (Yeboah et al., 2007). The predictive value of
FMD remained even after adjustment for age, gender and other standard CVD risk
factors although the authors argued that FMD added little prognostic accuracy to

traditional CVD risk factors in this population (Yeboah et al., 2007).

2.2.1.1 Haemodynamics are altered with ageing

Shear stress is one known regulator of endothelial function (Davies, 2009). As a
higher prevalence of endothelial dysfunction has been shown in older populations. It
is unclear whether decline in endothelial function with age is due to changes in shear
stress. Young et al. (2010) assessed differences in shear rate (SR) patterns between
20 young (24+1 yr.) and 18 older (601 yr.) participants in the atheroprone common
femoral artery. All participants were free of traditional CVD risk factors. Older
participants demonstrated reduced anterograde SR and significantly increased
retrograde SR compared to younger participants (Young et al., 2010). This resulted
in a lower overall mean shear and 30% higher oscillatory shear in the older compared

to the younger group (Young et al., 2010). Additionally, femoral vascular resistance
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was higher in the older group and was positively correlated to oscillatory shear in the
older group only (Young et al., 2010). Therefore factors contributing to increased
vascular resistance in older individuals, such as increased sympathetic nerve activity
or increased circulating vasoconstrictors, may contribute to this alteration in shear

pattern with age (Young et al., 2010).

Casey et al. (2016) studied brachial and common femoral artery SR in young and
older untrained adults. Similar to the above study common femoral and brachial
retrograde SR and OSI were greater in 17 older untrained (66+3 yr.) compared to 13
younger adults (24+2 yr.) (Casey et al., 2016). However, there did not appear to be a
difference in limb vascular resistance between the young and older groups (Casey et
al., 2016). Despite this, the older group only demonstrated a moderate negative
correlation between arm vascular resistance and retrograde SR and moderate
positive correlations between OSI and arm and leg vascular resistance (Casey et al.,
2016). Padilla et al. (2011b) also demonstrated age-related increases in forearm
retrograde SR and oscillatory shear at rest in 11 older (61+2 yr.) compared to 11
younger (26+2 yr.) individuals. Furthermore, Credeur et al. (2009) found that age was
inversely related to blood flow, vascular conductance and positively related to
retrograde flow in the brachial artery. Indeed, there appeared to be an approximately
60% increase in retrograde flow per decade after 60 years (Credeur et al., 2009).
Additionally, there was no apparent change in anterograde blood flow with age in this
study (Credeur et al., 2009). Although not assessed in the aforementioned study,
oscillatory shear index as determined by the ratios of anterograde to retrograde SR

would be higher in older adults which is associated with downregulation of NO.

2.2.1.2 NO production and eNOS expression decrease with ageing
An important component of endothelial function is vasomotor balance between
vasodilation and vasoconstriction. Alteration in vasomotor balance is due to a number
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of mechanisms relating to NO bioavailability and potent endothelial vasoconstrictors
such as ET-1 (Figure 2.10). With ageing and endothelial dysfunction this balance
switches in favour of constriction although the mechanism of this change with ageing
remains unclear (Bbhm and Pernow, 2007). A possible mechanism includes
reduction in the quantity of NO generated within the endothelial cells or reduced
release from the ECs and/or an enhanced breakdown of NO once it is produced
(Donato et al., 2015). Seals et al. (2011) argues that the vasodilatory response to NO
and other dilatory factors are unchanged with age therefore reduced vasodilation
must be due to either decreased NO production, increased NO removal or both. Thus,
the artery has the ability to dilate but is not suitably instructed to resulting in impaired

endothelium dependent dilation in older populations.

With progressing age NO bioavailability is reduced, shown by impaired endothelium
dependent vasodilation in response to acetylcholine (known NO mediated
vasodilator) (Taddei et al., 1995, Taddei et al., 1996, DeSouza et al., 2000) and during
FMD (Celermajer et al., 1994, Eskurza et al., 2005, Donato et al., 2007). This was
further supported by a reduction in the inhibition of vasodilation as a consequence of
L-NMMA (NO antagonist) infusion with progressing age (Taddei et al., 2001). Taddei
et al. (1995) demonstrated decreased NO bioavailability with age in the forearm of
older normotensive and hypertensive individuals. In ageing eNOS expression
appears to be decreased thus reducing NO bioavailability, through pathways
discussed in detail in section 2.1.3, resulting in reduced vasodilation and upregulation
of inflammatory molecules in addition to vasoconstrictor ET-1 (Ramzy et al., 2006).
Reduced generation of NO suggests a problem with the eNOS pathway. A lack of the
substrate L-arginine or any cofactors, e.g. tetrahydrobiopterin (BH4), leads to
uncoupling of eNOS and reduced NO production (Cai and Harrison, 2000).

Importantly when L-arginine is given to participants there is an improvement in skin
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blood flow suggesting improved response to a dilating stimulus (Holowatz et al.,
2006). BH4 has been shown to be reduced with age further supporting disruption in
the NO synthesis pathway via eNOS uncoupling (Pierce and LaRocca, 2008). Indeed
upon supplementation of BH4 there was a 45% improvement in FMD in 9 older
sedentary males (age 62+2 years) although no improvement was shown in younger

sedentary males and older aerobically trained males (Eskurza et al., 2005).

Contrasting findings exist within the literature in regards to changes in eNOS
expression during ageing. Some studies have reported reduced eNOS expression
whereas others have found increased eNOS expression with age. Barton et al. (1997)
observed reduced eNOS mRNA expression in older compared to younger rats.
However, in a human study Donato et al. (2009) showed that eNOS expression was
preserved in older males. This study concluded the alteration in the balance between
vasodilation and vasoconstriction with age was due to increased production and
reactivity of ET-1 (Donato et al., 2009). Donato et al. (2009) also suggested greater
eNOS expression in older individuals was to compensate for lower NO bioavailability
due to increased ET-1 or superoxide interactions. This supports the hypothesis that
eNOS mediated NO production is maintained during ageing and an additional source
interacts to reduce NO bioavailability following synthesis. Alternatively, NO may not
be adequately secreted from the ECs to the VSMC to initiate vasodilation (Montero
et al., 2015). In a meta-analysis by Montero et al. (2015) there appeared to be a small
but significant reduction in SMC function. This may be due to reduced VSMC
sensitivity to NO which is integral in the facilitation of vasodilation (Montero et al.,

2015).

The importance of shear stress in the upregulation of NO has been discussed earlier
in this thesis (section 2.1.3). In regions where low shear stress is experienced NO

bioavailability has been shown to be reduced via reductions in eNOS mRNA and
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protein expression (Chatzizisis et al., 2007a) (Figure 2.8). Qiu and Tarbell (2000)
showed that NO production was highest in isolated endothelial cells during steady
flow conditions with NO reduced during pulsatile and oscillatory flow across 4 hours.
An in-vitro study exposed bovine aortic ECs to highly reversing oscillatory shear
stress, typical of the shear experienced by endothelial cells in atheroprone regions,
was also studied at 4 and 24 hours (Ziegler et al., 1998). Compared to a unidirectional
shear stress, oscillatory shear stress induced a lower expression of eNOS at 24 hours
(Ziegler et al., 1998). In the previous section (section 2.2.1.1), older adults were
shown to experience higher levels of oscillatory shear compared to younger adults
despite a favourable CVD risk profile. The greater levels of oscillatory shear

experienced with ageing may offer additional mechanisms for the age associated

reduction in NO bioavailability.

Figure 2.8 Low endothelial shear stress disturbs laminar flow altering the endothelial
structure and function towards a more atherosclerotic phenotype via the mechanisms
shown in the figure (reproduced from Chatzizisis et al. (2007b)).

2.2.1.3 Vasoconstrictor are upregulated during ageing
In ageing, there is an upregulation of vasoconstrictors altering vasomotor balance to
favour vasoconstriction (Donato et al., 2009). In particular the potent vasoconstrictor

endothelin-1 appears to be a direct antagonist to NO (Figure 2.10) (Ramzy et al.,
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2006). ET-1 impairs NO production and downregulates eNOS expression (Ramzy et
al., 2006). Under normal physiological conditions ET-1 is produced in small amounts
to act as an autocrine/paracrine mediator (Béhm and Pernow, 2007). Donato et al.
(2009) demonstrated increased production of ET-1 in 27 older males (61 £ 1 years)
in addition to reduced forearm blood flow in response to Ach compared to 27 younger
males (22 + 1 years). Additionally, increased ET 1 with age was significantly inversely
(r=-0.37) related to endothelial dependent vasodilation (Donato et al., 2009).
Furthermore, older males (n=8; 67-76 years) have been shown to have greater lower
limb vasodilation response to ET receptor blockade compared to younger males (n=8;
19-50 years), 29+9% versus 10+4% improvement in leg blood flow measured using
venous occlusion plethysmography (Thijssen et al., 2007). This suggests ET-1 has a

greater role in maintaining vascular tone in older individuals (Thijssen et al., 2007).

The balance between NO and ET-1 is known to be important for endothelial cell
health. In the previous section (section 2.2.1.1), a study on bovine aortic ECs showed
that oscillatory shear stress induced lower eNOS expression (Ziegler et al., 1998).
Additionally, oscillatory shear stress also induced higher expression of ET-1 mRNA
at 4 hours compared to cells exposed to unidirectional shear in the same experiment
(Ziegler et al., 1998). These results are supported by Qiu and Tarbell (2000) who also
demonstrated reductions in NO and increases in ET-1 when endothelial cells were
exposed to pulsatile flow. As ageing induces higher volumes of oscillatory shear
(section 2.2.1.1), it is reasonable to suggest that alterations in haemodynamics with
age plays a role in switching endothelial cell phenotype to produce ET-1 rather than

NO.

The increasing role of ET-1 in maintaining vascular tone with age may also be
because of increased sensitivity to vasoconstrictors. The upregulation of ET-1

production with age is potentially due to an increased transcription of ET-1 at the
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MRNA and protein level or post-translational proteolytic maturation (Rondaij et al.,
2006). ET-1 has 2 specific receptors: ETA and ETB (Rubanyi and Polokoff, 1994).
The ETA receptor is located on the VSMC; during ageing this receptor may be present
at greater densities or may become more sensitive thus contributing to greater
vasoconstriction (Thijssen et al., 2016). The ETB receptor is located on both EC and
VSMC and is responsible for vasodilation at ECs through release of NO and
prostacyclin (de Nucci et al., 1988) and vasoconstriction at VSMC (Bohm and
Pernow, 2007). In older monkeys ETB becomes impaired (Asai et al., 2001) which
has been suggested to contribute to increased ET-1 bioavailability as ETB typically

contributes to clearance of ET-1 (Thijssen et al., 2016).

2.2.1.4 Endothelial cell apoptosis and senescence during ageing

Endothelial cell apoptosis and senescence are examples of two ageing pathways
which can contribute to endothelial dysfunction and atherosclerosis development
(Campisi, 2003). However, both senescence and apoptosis are important processes
which are required in response to intrinsic and extrinsic signals to maintain healthy

structure and function (Campisi, 2003).

Cellular senescence is the reduction in cell division by cells which have the ability to
continue dividing (Campisi, 2003). In contrast to apoptosis senescence does not
eliminate dysfunctional or damaged cells instead it halts their proliferative capabilities
(Campisi, 2003). Senescent cells are incapable of renewal and therefore may
contribute to ageing phenotypes such as impaired healing, an important factor in the
development of endothelial dysfunction as impermeability is affected (Campisi, 2003).
Endothelial cells with senescence-associated phenotypes exist in  human
atherosclerotic lesions (Minamino et al., 2002). It is therefore conceivable that
functional changes in senescent endothelial cells in vivo may play an important role
in the pathophysiology of age-associated vascular disorders, e.g. atherosclerosis
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(Minamino et al., 2002). Endothelial cells from atherosclerotic regions within human
coronary arteries were investigated and shown to be senescent in addition to
exhibiting a loss of telomere function and this was associated with endothelial
dysfunction (Minamino et al., 2002). There also appears to be a relationship between
telomere loss within endothelial cells and low haemodynamic stress. It has been
suggested that disturbed flow may accelerate telomere loss through increased rate
of cell turnover contributing to endothelial dysfunction (Minamino et al., 2002).
Additionally, ROS production increases with age and has been implicated in
endothelial cell senescence by damaging telomeres and impairing telomerase activity
(Erusalimsky, 2009). In patients with atherosclerosis and endothelial dysfunction,
increases in circulating endothelial cells and microparticles have been observed

(Esposito et al., 2006) which are indicative of cell senescence (Campisi, 2003).

Apoptosis is the rapid, highly conserved process of controlled, programmed cell death
(Campisi, 2003). This process is different to necrosis in that the contents of the dying
cells are removed by scavenging cells (Campisi, 2003). Thus, the release of
degradative enzymes is prevented minimising damage to neighbouring cells and
preventing further inflammatory responses (Campisi, 2003). Intrinsic signals govern
apoptosis in relation to normal cell differentiation whereas removal of damaged cells
from tissues is regulated by extrinsic signals (Campisi, 2003). The exact pathway in
which ageing leads to changes in apoptosis control is unknown, however it has been
suggested that basic ageing processes may alter regulation of apoptosis within
certain cells thus contributing to ageing cell phenotypes and age related diseases
(Campisi, 2003).

Senescence and apoptosis of endothelial cells appear to be partially regulated by the

type of shear the endothelial cells experience. Laminar shear stress decreases the

turnover of endothelial cells by reducing proliferation and apoptosis (Malek et al.,
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1999). Furthermore, the action of laminar shear in producing NO within endothelial
cells may protect the endothelial monolayer from injury (Dimmeler et al., 2002). In
contrast, oscillatory shear results in greater endothelial cell proliferation and turnover
in-vitro (Malek et al., 1999). It has also been shown that endothelial cells in areas of

disturbed flow show characteristics of cellular ageing and senescence (Biirrig, 1991).

2.2.1.5 Oxidative stress and anti-oxidant balance are affected during

ageing
Reactive oxygen species (ROS) are a collection of molecules which in excessive
production contribute to oxidant stress (Cai and Harrison, 2000). Types of ROS
include superoxide anions, hydrogen peroxide and peroxynitrite with NADH/NADPH
oxidase and eNOS potential sources of ROS within vascular cells (Cai and Harrison,
2000). Both of the aforementioned substrates, NADPH and eNOS, have the potential
to inactivate NO and contribute to endothelial dysfunction (Cai and Harrison, 2000).
Under normal physiological conditions endogenous production of antioxidants act to
minimise the interaction between ROS and NO (Cai and Harrison, 2000) thus
maintaining endothelial function. However, older adults experience chronic
inflammation likely as a result of a reduction (or no compensatory improvement) in
anti-oxidant defence with age (Donato et al.,, 2015). Donato et al. (2007)
demonstrated greater markers of oxidative stress in harvested vascular endothelial
cells of 44 older males (age 631 years) with no change in antioxidant enzyme
expression compared to 51 younger males (age 231 years). Markers of oxidative
stress in both peripheral arterial and venous endothelial cells of older adults were
significantly inversely associated with endothelial function, assessed via brachial
artery FMD (r=-0.62 and r=-0.44 respectively) (Donato et al., 2007). The importance
of the endothelium in contributing to this inflammatory state is evident when the

endothelium was removed from the aorta of rats, resulting in inhibition of NADPH
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oxidase and eNOS therefore reducing superoxide anions (Loomis et al., 2005).

However, there is much contention over the source of these superoxide anions.
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Figure 2.9 Coupled eNOS effectively produces NO under normal physiological
conditions however in inflammatory states eNOS can become uncoupled leading to
production of hydrogen peroxide and peroxynitrite production which can break down
NO and results in a cycle of inflammation. Adapted from Katusic (2001).

eNOS is a likely source of superoxide anion production in endothelial cells. For NO
production eNOS requires NADPH to donate electrons and BH4 for the facilitation of
this electron transfer to convert L-arginine to NO and L-citrulline (Figure 2.9) (Cai and
Harrison, 2000). Lack of L-arginine or BH4 can cause eNOS to become uncoupled
and produce superoxide and hydrogen peroxide (Cai and Harrison, 2000).
Uncoupling of eNOS may lead to oxidative stress and endothelial dysfunction through

3 mechanisms: reduced production of NO may allow ROS to interact with alternative
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cellular targets; uncoupled eNOS continues to produce ever increasing amounts of
superoxide due to continuous NO breakdown; eNOS may become partially uncoupled
thus simultaneously producing superoxide and NO (Cai and Harrison, 2000). eNOS
is then proposed to become a peroxynitrite generator dramatically exacerbating
oxidative stress. As discussed earlier (section 2.2.1.3) older individuals experience
upregulation of ET-1. Loomis et al. (2005) used rat aortic rings incubated with ET-1
to show that ET-1 mediates superoxide production through NADPH oxidase and
uncoupled eNOS which contribute to ET-1 mediated vasoconstriction. ET-1 oxidises
BH4 further exacerbating superoxide production through eNOS uncoupling by
reducing the BH4 cofactor (Loomis et al., 2005), further worsening the inflammatory
cycle. Another factor is peroxynitrite which is a powerful oxidant of LDLs and is a key
stage in the development of atherosclerotic lesions (Lusis, 2000). Oxidised LDLs
produce adhesion molecules e.g. intercellular adhesion molecule (ICAM), platelet cell
adhesion molecule (PCAM), vascular cell adhesion molecule (VCAM), which are

integral in producing macrophages which induce further inflammation (Lusis, 2000).

Importantly, low shear stress plays an important role in the promotion of ROS
production (Figure 2.8). Low shear stress enhances gene expression and post-
transcriptional activity of major oxidative enzymes such as NADPH oxidase
(Chatzizisis et al., 2007b). Additionally, anti-oxidant enzymes which scavenge ROS
appear to downregulated in endothelial cells exposed to low shear stress. HUVECs
exposed to disturbed flow showed downregulation of antioxidant enzyme SOD at 24
hours (Brooks et al., 2002). Exposure to disturbed flow also increased inflammatory
markers such as adhesion molecules (VCAM-1 and ICAM-1), chemoattractants
(MCP-1) and cytokines (TNFa) which may contribute to the chronic inflammation of
endothelial cells in atheroprone regions (Brooks et al., 2002). Infiltration of

inflammatory cells into the intima may also be facilitated by low shear and disturbed
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flow (Chatzizisis et al., 2007b). These types of flow have been shown to stagnate in
atheroprone areas, causing widening of endothelial junctions and allowing passage
of inflammatory cells into the sub-endothelial layer to oxidise LDLs, thus initiating

atherosclerotic plaque formation (Gimbrone, 1999).

The continuous cycle of increased inflammatory molecules and reduced NO
production impairs the ability of the endothelium to induce vasodilation when
stimulated. The role of inflammatory molecules in the development of endothelial
dysfunction is notable when anti-oxidants (e.g. vitamin C) are prescribed. Béhm et al.
(2007) assessed forearm blood flow via venous occlusion plethysmography in 12
young males (age 251 years) following infusion of ET-1 and vitamin C. Vasodilation
was not restored when vitamin C was infused after ET-1 however when vitamin C
preceded ET-1 infusion there was no reduction in vasodilation suggesting a protective

role of antioxidants (B6hm et al., 2007).

2.2.1.6 Growth factors and hormonal changes with ageing

Ageing is associated with significant reductions in secretion of growth hormone (GH)
and serum insulin-like growth factor (IGF-1) (Rosen, 2000). GH deficiency increases
CVD risk and increases the risk of mortality from vascular related diseases (Gola et
al., 2005). Additionally, individuals deficient in GH, irrespective of age, have increased
atherosclerotic plagues within the carotid and femoral arteries (Gola et al., 2005).
Replacement of GH reduces CVD risk in younger populations however there are

limited changes when prescribed in elderly populations (Rosen, 2000).

In vitro and in vivo studies suggest eNOS can be activated directly through GH acting
upon growth hormone receptor or through release of IGF-1 (Duckles and Miller,
2010). Binding of GH to GH receptor causes a conformational change in the receptor
triggering downstream signalling ultimately activating the PI3K pathway (Duckles and

Miller, 2010). Adult hypo-pituitarism and untreated growth hormone deficiency are
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associated with endothelial dysfunction, decreased NO production and increased
peripheral resistance thus increasing risk of CV morbidity and mortality (Nystrom et
al., 2005, Thum et al., 2003). Upon administration of recombinant human growth
hormone to GH deficient adults there was an increase in markers of eNOS activation,
NO production and decrease in total peripheral resistance (Boger et al., 1996). In
cultured human aortic endothelial cells with GH there was no change in eNOS protein
content but a time dependent increase in eNOS phosphorylation at serine 1177 (Li et
al., 2008). Also in cultured human endothelial cells exposure to GH increased eNOS
gene expression within 4 hours of administration and eNOS protein expression also
increased (Thum et al., 2003), accompanied by increases in NO production and

reduction in intracellular ROS (Thum et al., 2003).

Growth hormone is also able to alter vascular function through its actions on release
of insulin-like growth factor (IGF-1) and activation of its receptor (Duckles and Miller,
2010). IGF acts on its own membrane receptor which has intrinsic tyrosine kinase
activity and activation of the IGF-1 receptor has been shown to increase eNOS
phosphorylation (Duckles and Miller, 2010). When adults with growth hormone
deficiency were given human GH there was an observed increase in plasma IGF-1
(Boger et al., 1996). Administration of IGF-1 causes vasodilation in humans and
animals which was blocked by eNOS inhibitors suggesting vasodilation occurs
through NO mediated pathways (Schini-Kerth, 1998). This was supported by
detection of rapid formation of NO in cultured endothelial cells exposed to IGF-1

(Schini-Kerth, 1998).
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Figure 2.10. Factors such as decreased NO, GH and increases in ET-1, O, and
endothelial cell apoptosis and senescence contribute to age mediated impairment of
endothelial function (black arrows). Increased arterial stiffness with age is a result of
increases in MMPs, AGEs, IMT and reductions in the elastin to collagen ratio and the
wall to lumen ratio. The red arrows indicate the interrelationships between factors
which contribute to endothelial dysfunction and those which contribute to arterial
stiffening, therefore emphasising the difficulty in distinguishing whether endothelial
dysfunction causes arterial stiffening or vice versa. The effects of exercise training are
represented by green arrows. Exercise training can reverse many the factors which
contribute to the age mediated endothelial dysfunction and arterial stiffening.

2.2.1.7 MicroRNA expression in vascular ageing

The ability of miRs to modulate protein translation or cause mRNA degradation
implicates a role for them in the development of various disease states, for example
cancer, type 2-diabetes and CVD (Chen et al., 2012). Additionally, there also appears
to be a role for microRNA during ageing which can affect the vasculature and lead to

endothelial dysfunction. As discussed previously (section), senescent endothelial
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cells increase with ageing and accumulation of these senescent cells has been
implicated in contributing to age-related diseases such as cardiovascular disease
(Nishiguchi et al., 2014). MiRs expressed in endothelial cells, particularly miR-217,
appear to be able to regulate endothelial cell senescence (Menghini et al., 2009).
Inhibition of miR-217 delayed senescence in cultured human endothelial cells
(Menghini et al., 2009). Furthermore, miR-146a was downregulated in HUVECs
during ageing (Vasa-Nicotera et al., 2011). The protein target for miR-146a is NADPH
oxidase-4 which is a well-known ROS but also has a role in inducing cell senescence

(Nishiguchi et al., 2014).

Ageing associated senescence reduces both the number and function of endothelial
progenitor cells (EPC) which are responsible for regeneration of the endothelium
following damage (Campisi, 2003). MiR-21 was earlier discussed for its role as a
mechano-miR (section), however miR-21 also appears to be a critical regulator of
EPC senescence (Zhu et al., 2013). Overexpression of miR-21 in younger mice
caused EPC senescence and impaired EPC angiogenesis in vitro and in vivo thus
resembling the EPCs from the aged mice (Zhu et al., 2013). In aged mice suppression
of miR-21 revived EPCs and reduced senescence (Zhu et al., 2013). In contrast,
Rippe et al. (2012) found reduced expression of miR-21 in senescent human aortic
endothelial cells (HAECs) was associated with reduced stimulation of proliferation
and apoptosis suppression. The decrease of miR-21 in senescent HAECs was also
associated with a 50% reduction in eNOS protein phosphorylation (Rippe et al.,
2012). Contrasting findings have been observed in the role of miR-21 in ageing cells
which may be as a result of the type of in-vitro cell being used, i.e. HUVECs versus
HAECSs, due to the haemodynamics these cells experience before being collected

(Rippe et al., 2012).

2.2.1.8 Arterial stiffness increases during ageing
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Arterial stiffness contributes to atherosclerosis and CVD risk (van Popele et al., 2001)
and structural stiffening has been proposed as altering endothelial function (Zieman
et al., 2005). The layers of the arterial wall are constructed of collagen and elastin
fibres which contribute to the structural integrity and elasticity of the artery providing
low compliance (Zieman et al., 2005). This structure is regulated by matrix
melloproteases (MMPs) which maintain the balance of fibres through activation or
inhibition of gene and protein expression (Zieman et al., 2005). Arterial stiffness is
characterised by structural changes to the arterial wall and can occur concomitantly
with endothelial dysfunction or independently due to ageing and/or disease, e.g.
hypertension, type 2 diabetes, making causality difficult to determine (Zieman et al.,

2005).

The process of ageing is strongly associated with endothelial dysfunction and CVD
risk (Brandes et al., 2005). Additionally, arterial stiffness has been shown to increase
with ageing (Zaydun et al., 2006). Aortic PWV is a marker of central arterial stiffness
and was assessed in 2488 participants who were followed over 4.6 years (Sutton-
Tyrrell et al., 2005). There were 111 deaths which were as a result of cardiovascular
events and 341 recorded events (Sutton-Tyrrell et al., 2005). Aortic PWV was
separated into quartiles with the highest aortic PWV associated with total mortality
(relative risk 1.7) and cardiovascular mortality (relative risk 2.3) (Sutton-Tyrrell et al.,
2005). The Rotterdam Study also supported the association between aortic PWV and
CHD (Mattace-Raso et al., 2006). 2835 participants were assessed for aortic PWV
and carotid artery distensibility and were followed up over 4.1 years (Mattace-Raso
et al., 2006). Higher aortic PWV were associated with an increased risk of developing
CHD, with the second and third tertiles exhibiting hazard ratios of 1.72 and 2.45
respectively (Mattace-Raso et al., 2006). In contrast, carotid artery distensibility was

not independently associated with CVD risk (Mattace-Raso et al., 2006).
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Deterioration in arterial compliance (an indicator of arterial stiffness) with age occurs
despite a favourable vascular profile and limited traditional CVD risk factors (Mitchell
et al., 2004). Benetos et al. (1993) observed decreased arterial distensibility and
arterial compliance throughout the lifespan in the carotid artery. However, this pattern
of decreased compliance and distensibility was not observed in the femoral artery
suggesting differences in ageing between central and peripheral arteries (Benetos et
al., 1993). Van der Heijden-Spek et al. (2000) assessed the differential effects of
ageing upon arterial structure and whether site of measurement or participant sex
altered the findings. Aortic distensibility as measured by PWV increased gradually
with age, whilst no ageing effect upon brachial distensibility was observed (Van der
Heijden-Spek et al., 2000). Additionally, there did not appear to be any sex differences
in regards to distensibility of the elastic aorta however distensibility of the muscular
brachial artery was lower in males than females and displayed a larger diameter and
higher compliance (Van der Heijden-Spek et al., 2000). The cause of progressive
increase in vascular stiffening with age is currently underdetermined, however several
mechanisms have been proposed. During ageing associated arterial stiffness there
is widening of the arterial pulse pressure (PP) (Zieman et al., 2005), thickening of the
intima-media layer and progressive dilation of the lumen (Sutton-Tyrrell et al., 2001)
and wall: lumen ratio reduction (Green et al., 2010b). Often endothelial dysfunction is
also observed which may contribute or result from arterial stiffness (Lakatta, 2003).
Increased wall thickness of peripheral arteries and decreased wall: lumen ratio with
ageing is a characteristic sign of arterial stiffening and a predictor of future CVD risk
(Green et al., 2010b). Lack of arterial compliance with age may further promote a
decline in eNOS activity as reduced wall stretch may decrease mechanotransduction
which is important in eNOS activation (Zieman et al., 2005). Alternatively, endothelial

dysfunction may lead to arterial stiffening via changes in endothelial permeability and
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the resultant inflammatory cascade described in section 2.2.1.5 producing VSMC

proliferation and increased intima media thickness (Lakatta, 2003).

Increased intima-media thickness (IMT) disrupts the ratio of elastin to collagen
favouring increased collagen and decreased elastin production within the intima-
media layer contributing to arterial stiffness (Zieman et al., 2005). Disruption of
elastin: collagen balance is likely a result of inflammation (increased production of
cytokines and macrophages, MMPs, intracellular adhesion molecules and growth
factors) and increased intraluminal pressure (Lakatta, 2003). Additionally, collagen
fibres can become more disorganised with a dysfunctional distribution (Zieman et al.,
2005) possibly due to advanced glycation end products (AGEs). AGEs contribute to
changes in collagen structure and stiffer fibres through formation of irreversible cross
links between collagen proteins (Bailey, 2001). AGEs increase with age and have
been directly linked to a reduction in NO production through NO quenching and
endothelial dysfunction via ROS generation in addition to arterial stiffness (Rojas et
al., 2000). Rojas et al. (2000) demonstrated decreased expression of eNOS activity,
protein and transcription levels in cultured bovine aortic endothelial cells following
exposure to AGEs. It was concluded that down-regulation of eNOS through AGEs
was likely due to increased rate of mMRNA degradation (Rojas et al., 2000). This was
supported by Yan et al. (1994) where mice and rats were infused with AGESs resulting
in oxidative stress in endothelial cells and the sub-endothelial layers which can

contribute to endothelial dysfunction.

Arterial diameter increases both centrally (Van den Munckhof et al., 2012, Schmidt-
Trucksass et al., 1999) and peripherally (Van der Heijden-Spek et al., 2000, Sandgren
et al.,, 1998) with age irrespective of the presence of atherosclerosis. Luminal
enlargement may be a compensatory mechanism to counteract thickening of the

arterial wall that occurs during ageing thus maintaining luminal area and perfusion of
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tissue (Thijssen et al.,, 2016). However, increased luminal diameter has been
observed in the absence of plaque formation suggesting that it may not merely be a
compensatory mechanism (Thijssen et al., 2016, Eigenbrodt et al., 2006).
Alternatively, increases in lumen diameter with age may result from loss of elastic
fibres through decreased elastin content, elongation of elastin and loss of elastic
recoil during ageing (Van der Heijden-Spek et al., 2000). This occurs at the same time
as an increase in collagen fibres and mucopolysaccharides (Lebrun et al., 2002)
resulting in greater structural reliance upon collagen thus increasing arterial diameter

(Thijssen et al., 2016).

Previously (section 2.2.1.3), ET-1 was shown to contribute to age related endothelial
dysfunction (Donato et al., 2009). There also appears to be a role for ET-1 in arterial
stiffening. ET-1 binds with ETa receptors on the surface of smooth muscle cells
stimulating production of growth factors which increases fibrosis within the media
layer and eventually results in arterial stiffening (Schiffrin, 2001). ET-1 also directly
stimulates growth and migration of cells within the smooth muscle layer, this
hypertrophy leads to thickening of the intima-media layer thus contributing to arterial

stiffening (Schiffrin, 2001).

Reduced arterial compliance and distensibility, in addition to increased IMT, may
affect shear rate patterns within stiffened vessels of older individuals (Heffernan et
al., 2013). As arteries lose elasticity with age they are less able to accommodate
changes in pressure, for example through vasodilation. In 16 young healthy males
(23£1 yrs.) a blood pressure cuff on the calf was inflated to sub-diastolic pressure for
5 minutes (to simulate arterial stiffness) to induce upstream retrograde SR in the
superficial femoral artery (Heffernan et al., 2013). With progressive increases in cuff
pressure there was stepwise increases in retrograde SR in addition to increases in

markers of arterial stiffness (negative area, elastic modulus, PWV) (Heffernan et al.,

42



2013). Arterial stiffness did not appear to be related to increases in retrograde SR in
the superficial femoral artery (Heffernan et al.,, 2013). However, increases in
retrograde SR did appear to be associated with wave reflection intensity (Heffernan
et al., 2013). Wave reflections create pressure which can determine flow profiles and
may contribute to flow reversal and amplitude of shear (O'Rourke and Avolio, 1980).
When blood flows through an elastic conduit artery radial expansion and recoil of the
vessel occurs, which converts pulsatile into laminar flow (Heffernan et al., 2013).
However, with increases in arterial stiffness during ageing the capacity of the artery
to buffer pulsatile into laminar flow is lost resulting in increased pulsatile flow and

alterations in shear patterns (Nichols et al., 2011).

As discussed earlier in this section, migration of VSMCs contributes to increases in
arterial stiffening. Low shear stress acts as a potent stimulus for the migration of
VSMC (Ross, 1999). Increased downstream arterial stiffness increases vascular
resistance which in turn increases blood pressure and circumferential tensile stress,
which has been linked to causing direct endothelial injury altering endothelial
permeability (Thubrikar and Robicsek, 1995). A vicious cycle is thus formed between
local haemodynamics, arterial stiffness and atherosclerosis development (Chatzizisis

et al., 2007b).

2.2.2 Gender differences in cardiovascular disease progression

Gender is an important factor when predicting CVD risk as vascular ageing occurs
earlier in males than in females (Celermajer et al., 1994). When CVD risk is compared
between males and pre-menopausal females, females have a reduced risk
(Celermajer et al., 1994, Miller and Mulvagh, 2007). This pattern in CVD risk is
maintained until menopausal age (average age at menopause in UK is 52 years

(Shaw et al., 2006)) when the rate of decline is faster in females (Celermajer et al.,
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1994). Post-menopausal women have an increased CVD risk compared to pre-
menopausal women which is equivalent to age matched males (British Heart
Foundation, 2012). Endothelial function, as assessed via FMD, has been shown to
be a significant contributor to the model of predicting cardiovascular events in post-
menopausal women (Rossi et al,, 2008). FMD was assessed in 2264 post-
menopausal women who were followed up for 45 + 13 months, 90 major events were
recorded in this time (Rossi et al., 2008). Participants with higher FMDs (=8.1%) had
a hazard ratio of 1.0, intermediate FMD (4.6-8%) 1.33 and lower FMD (<4.5%) 4.42
(Rossi et al.,, 2008) indicating increased CVD risk. The increased risk of
cardiovascular disease with menopause may be attenuated with the use of HRT
although this is widely debated. Schierbeck et al. (2012) investigated the 10-year CVD
risk in 1006 peri- and post- menopausal women who were prescribed either HRT or
no treatment. 16 women prescribed HRT had an event compared to 33 women in the
control group (hazard ratio of 0.48) and 15 women died compared to 26 in the control
group with a hazard ratio of 0.57 (Schierbeck et al., 2012). It was suggested that
women who started HRT early after the onset of menopause had a significantly
reduced risk of major cardiovascular events and death compared to post-menopausal

women who did not take HRT (Schierbeck et al., 2012).

Sex steroid hormones (testosterone and oestrogen) increase production and release
of NO in males and females thus enhancing endothelial function (Miller and Mulvagh,
2007). Reduced CVD risk in pre-menopausal women is dependent upon oestrogen
which preserves endothelial function, thus changes in hormonal balance at the onset
of the menopause may account for elevated CVD risk in post-menopausal females

(Mendelsohn and Karas, 2005).

2.2.2.1 Influence of gender upon patterns of shear
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Ageing affects shear patterns which influences the development of endothelial
dysfunction and arterial stiffness (section 2.2.1.1). It is known that age related CVD
risk develops at different rates between genders (Celermajer et al., 1994). However,
little research has investigated whether shear patterns also differ between genders
during ageing and whether haemodynamics influence the different rates of CVD
development. A study by Dammers et al. (2002) showed no differences in brachial
artery SR between genders in young (30-47 yrs.) and older (48-65 yrs.) groups when
all participants were free of known CVD risk factors. Similarly, Cheng et al. (2003)
found no differences in abdominal aorta SR between 6 healthy males (22.3 yrs.) and
5 healthy females (25.2 yrs.) at rest measured using an MRI. It was therefore
concluded that differences in abdominal aortic disease development between

genders is not related to differences in haemodynamics (Cheng et al., 2003).

Joannides et al. (2002) examined differences in radial arterial vasodilation between
12 males and 12 females (251 yr.), in addition to the SR stimulus for this
vasodilation. Gender did not appear to affect vasodilation however differences in
mean SR were observed between males and females (Joannides et al., 2002). It was
hypothesised that the elevated mean SR observed in females was likely as a result
of smaller arterial diameter compared to males (Joannides et al., 2002). According to
Poiseuille’s law (section), smaller arterial diameter increases shear stress as a
greater proportion of blood flow is in contact with the arterial wall. Casey et al. (2016)
also found differences in SR between genders when assessed in the brachial and
femoral arteries. Females had greater anterograde SR in both the brachial and
common femoral arteries at rest compared to males, however no differences in
retrograde SR was found between genders (Casey et al., 2016). This resulted in a
trend for lower oscillatory shear in females compared to males (Casey et al., 2016).

Additionally, oscillatory shear showed a moderate positive association with vascular
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resistance in males compared to females in both the arm (males r=0.74, females

r=0.32) and leg (males r=0.64, females r=0.28) (Casey et al., 2016).

2.2.2.2 COestrogen contributes to reductions in cardiovascular disease
Oestrogen acts to reduce CVD risk and improve endothelial function through two
major mechanisms. Firstly, oestrogen binds to oestrogen receptor (ER) a at the
membrane which rapidly produces a signal to stimulate the PI3K/Akt pathway (Figure
2.11) (Moriarty et al., 2006, McNeill et al., 1999). This results in increased modulation
of eNOS activity through rapid phosphorylation of eNOS at serine 1177 producing
greater enzyme activity (the same pathway as stimulated through exposure to shear
stress) and upregulating NO (Moriarty et al., 2006, Levin, 2009). This is demonstrated
by natural fluctuations in circulating oestrogen throughout the menstrual cycle and
during pregnancy (Duckles and Miller, 2010). The second mechanism involves
oestrogen increasing gene expression through transcription factors or a change in
MRNA stability and translation to increase eNOS mRNA and protein, although this

has a longer onset and duration of action (McNeill et al., 1999).

Oestrogen binds to two receptors on the endothelium surface: ERa and ERB. ERa is
the primary receptor responsible for the atheroprotective effects oestrogen exerts
upon the endothelium (Duckles and Miller, 2010). ERa expression was modulated by
oestrogen status, with low levels of ERa expression when oestrogen concentrations
were lower (Duckles and Miller, 2010). In contrast, ERB is required for normal
vasodilation and regulation of blood pressure in both males and females (Zhu et al.,
2002). Normal oestrogen receptor function is required in both males and females for
normal cardiovascular development and function. Loss of ERB causes greater levels
of hypertension in males compared to females (Zhu et al., 2002). Males who lack ERa
have an impaired vascular function and demonstrate calcification in the coronary
artery (Sudhir and Komesaroff, 1999). Additionally, loss of oestrogen, e.g. at

46



menopause, removes inhibition of ET-1 production at the mRNA level resulting in
upregulation of ET-1 in post-menopausal women (Wingrove and Stevenson, 1997).
Improved vasodilation, via NO upregulation, in females receiving oestrogen
treatments may also positively influence haemodynamics as vasodilation increases
blood flow to the periphery and reduces vascular resistance. According to Poiseuille’s
Law (section 2.1.4), increases in blood flow results in increases in shear stress which
is known to also contribute to upregulation of NO. Additionally, a previous study by
Joannides et al. (2002) showed that SR was higher in females due to reduced arterial
diameter which also contribute to increases in shear. Therefore, oestrogen not only
contributes to improved endothelial function via direct activation of the PI3k/Akt
pathway but also by increasing shear stress via vasodilation and increased blood flow

further upregulating NO production.

Oestrogen treatment in males and females has been shown to increase plasma NO
and decrease ET-1 (McCredie et al., 1998). In young females with low oestrogen,
either due to ovarian failure or athletic status, there is an improvement in endothelial
function when oestrogen was given as a treatment (Kalantaridou et al., 2006). Van
der Schouw et al. (1996) followed up more than 12 000 postmenopausal women over
20 years finding that each year of delay in the onset of menopause in accordance
with biological age reduced CV mortality risk by 2%. Older females given oestrogen
treatment, often in the form of hormone replacement therapy (HRT), show mixed
results in terms of improvements in endothelial function and CVD risk. HRT has been
shown in some studies to alleviate menopausal symptoms, reduce CVD and all-cause
mortality by 50% in post-menopausal women (Miller et al., 2009). However, when
HRT was given to females late into the menopause there does not appear to be a
protective effect, indeed CVD risk actually increased leading to premature termination

of the clinical trial (Turgeon et al., 2004). The Women'’s Health Initiative (WHI) study
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assessed 16 608 post-menopausal women aged 50-79 years who were randomised
to HRT or a placebo group (Rossouw et al., 2007). Women who were <10 years
following the menopause had a hazard ratio of 0.76 for development of CHD, women
10-19 years post menopause had a hazard ratio of 1.10 and women 20+ years post
menopause had an increased hazard ratio of 1.32. (Rossouw et al., 2007).
Prescription of HRT altered the hazard ratios for CHD risk (hazard ratio according to
age: 50-59 years 0.7, 60-69 years 1.05, 70-79 years 1.14) with women who initiated
HRT closer to menopause at a reduced risk of CHD compared to when HRT was
taken later following the menopause (Rossouw et al., 2007). In actuality, the provision
of oestrogen late into the menopause, when the incidence of atherosclerosis is
greatest may make existing plagues more unstable, thus increasing the risk of a
cardiovascular event (Mendelsohn and Karas, 2005). HRT must be prescribed early
in the menopause to reduce CVD risk and maintain endothelial function with use later
in the menopause avoided for potentially increasing CVD risk. Oestrogen
supplementation improves eNOS expression and vascular function in male
transsexuals suggesting oestrogen can act effectively in both males and females
(Sudhir and Komesaroff, 1999). However, oestrogen treatments in males increase

the risk of thrombosis (Miller and Mulvagh, 2007).

In addition to aiding vasodilation, oestrogen has also been shown to increase
proliferation of endothelial cells and increase release of EPCs suggesting oestrogen
has an important role in vascular wound healing (Miller and Mulvagh, 2007). There
also appears to be a reduction in cytokine-induced expression of adhesion molecules
related to oestrogen production (Miller and Mulvagh, 2007). Oestrogen suppresses
oxidative stress through suppression of superoxide production to improve endothelial

vasodilation (Madamanchi et al., 2005).

2.2.2.3 Progesterone contributes to vascular health
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Controversy currently surrounds the role of progesterone in the arterial wall. It is
unclear, due to contradictory evidence in the literature, whether progesterone exerts
either inhibitory or antagonistic effects on 17p-oestradiol and eNOS. There are 2
isoforms of the progesterone receptor (A and B); upon hormone binding the receptors
can inhibit each other (Duckles and Miller, 2010) through direct or in-direct
mechanisms. Varying levels of each hormone is experienced during the menstrual
cycle and during pregnancy suggesting that the competition and inhibitory effects may

be to mitigate the fluctuations in NO production (Duckles and Miller, 2010).

Progesterone affects eNOS function through both genomic and non-genomic
mechanisms. Non-genomic activation of membrane bound receptors activate
PI3K/Akt causing eNOS activation and NO production (Welter et al., 2003, Ellmann
et al., 2009). Non-genomic actions of progesterone are mediated through tyrosine
kinase, MAPK and PI3K pathways to upregulate NO production (Cutini et al., 2009).
These rapid effects may affect the genomic regulation of phosphorylation of co-

activators or co-repressors (Cutini et al., 2009).

Difficulty in determining the role of progesterone in endothelial function arises from
imprecise categorisation of natural and synthetic progestins (Arnal et al., 2009).
These have different binding properties which enable them to bind to either
progesterone receptors or other hormone receptors e.g. glucocorticoid receptors
which inhibit gene transcription of eNOS and its enzymatic activity (Ellmann et al.,
2009). Indeed, progesterone has been shown to lower blood pressure in contrast to

synthetic progestin’s which can raise BP (Dubey et al., 2002).

2.2.2.4 Testosterone has arole in maintenance of vascular health
In both males and females testosterone has been shown to decline gradually
throughout the lifespan (Mendelsohn and Karas, 2005). Males have Ilow

concentrations of circulating oestrogen compared to females (Grumbach and Auchus,
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1999). Reductions in levels of oestrogen increase testosterone to re-establish optimal
levels for normal physiological functioning (Grumbach and Auchus, 1999).
Testosterone is metabolised by two enzymes forming either oestrogen or
dihydrotestosterone. Testosterone is converted to oestrogen when concentrations of
testosterone become too high, via the aromatase enzyme. Testosterone binds to
androgen receptors on the surface of the endothelial cells and when converted to
oestradiol it can bind to oestrogen receptors (Figure 2.11) (Mendelsohn and Karas,
2005). Activation of androgen receptors occurs through binding of
dihydrotestosterone (Duckles and Miller, 2010). Aromatase derived oestrogen also
appears to have important effects on NO production and endothelial function. 10
healthy males (age 231 years) were given aromatase inhibitor for 6 weeks and
compared to a control group given a placebo. Males given the aromatase inhibitor
showed significantly reduced 17(-oestradiol and reduced brachial FMD compared to
baseline (9.4 + 2.2% versus 4.7+1.3%) with no effect in the control group (7.7 £ 1.0%
versus 7.9 + 0.63%) (Lew et al., 2003). This study was supported by aromatase
knockout mice which showed blunted relaxation in response to Ach (Kimura et al.,
2003). It can therefore be difficult to assess testosterone effects due to this conversion
to oestrogen. Testosterone affects vascular tone through direct activation of ion

channels and thromboxane (Liu et al., 2003).

In contrast to oestrogen, testosterone appears to increase ET-1 and decrease NO
suggesting a pro-atherogenic effect (McCredie et al., 1998). Female to male
transsexuals given high concentrations of androgen have reduced endothelial
function (McCredie et al., 1998). Male pigs during puberty show reduced coronary
relaxation compared to age matched females when testosterone is increased
(Chatrath et al., 2003). Indeed, 10 males with low levels of testosterone (age 62 + 8

years) due to treatment for prostate cancer had enhanced brachial FMD compared to

50



10 healthy controls (age 60 + 9 years) (6.2 + 3% versus 2.7 £ 2%) suggesting
testosterone is detrimental to vasodilatory capacity (Herman et al., 1997). In contrast
to HRT, androgen replacement therapy is not generally associated with increased
cardiovascular disease (Davis and Burger, 2003) with some studies suggesting a
positive cardiovascular effect and improved vasomotion (Liu et al., 2003, Davis and

Burger, 2003).

The effect of testosterone upon haemodynamics has not been specifically
investigated. However, as testosterone has been linked to increased ET-1 production
and reduced NO bioavailability it is likely that shear patterns are adversely affected
by testosterone through its actions on increasing endothelial dysfunction and arterial
stiffness. Arterial stiffness was earlier linked to increases in wave reflection intensity
which can contribute to flow reversal (section 2.2.1.8). However, testosterone is
readily converted to oestrogen which is associated with improved vasodilation and
reduced arterial stiffness. As discussed previously (section 2.2.2.2), through
oestrogens’ contribution to vasodilation there are increases in blood flow and
increased shear stress which promotes an anti-atherogenic endothelial cell
phenotype. Therefore, the role of testosterone in regulating haemodynamics and the

resultant effect upon vascular health is undetermined.
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Figure 2.11 Sex steroid receptors (oestrogen and androgen) on the surface of the
endothelial cell demonstrating the importance of hormones in regulating endothelial
function through NO production. Reproduced from Miller and Mulvagh (2007).

2.2.2.5 Gender effects upon microRNA

Hormonal and genetic differences between males and females can lead to differences
in gene expression patterns (Sharma and Eghbali, 2014). Furthermore, differences in
gene expression can influence the risk of developing disease and the progression of
disease (Sharma and Eghbali, 2014). Sex steroids and X-chromosome linked genes
have been shown to influence microRNA regulation although very little research has
focussed on the role of miRs in diseases biased to one sex (Sharma and Eghbali,
2014). Importantly, differential expression of miRs have been shown between the
genders in invertebrates and mice (Sharma and Eghbali, 2014). Sex steroids bind to
nuclear hormone receptors which directly or indirectly alters gene expression thus in
turn inducing or repressing miR expression (Sharma and Eghbali, 2014). However,
further exploration of sex steroid regulation of miR expression, found that blocking
the conversion of testosterone to oestrogen eliminated gender differences in miR

expression (Morgan and Bale, 2011). Therefore, it has so far been concluded that
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oestrogen is the key sex steroid responsible for the regulation of miR expression

(Morgan and Bale, 2011).

The link between certain pathologies, such as cancer, microRNA and sex steroids
has become more established recently (Sharma and Eghbali, 2014). However, the
relationship between sex steroids, miR expression and cardiovascular disease
remains largely unexplored. Whilst not directly assessing the influence of sex steroids
upon miRs related to CVD, Murri et al. (2013) assessed differential miR expression
between males (29 £ 3 yrs.), control females (29 + 3 yrs.) and females with polycystic
ovary syndrome (PCOS) (27 £ 4 yrs.). Females with PCOS demonstrated higher
serum concentrations of androstenedione and lower serum total oestradiol
concentrations than control females (Murri et al., 2013). Additionally, there was a
positive association between serum free testosterone levels and increased miR-21
expression in females with PCOS (Murri et al., 2013). MiR-21 expression is regulated
by shear stress as it is classed as a mechano-miR with a role in regulating endothelial
cell phenotype (section 2.1.5.2). Therefore, there does appear to be the potential for
gender differences in miR expression to be explored in relation to endothelial cell

phenotype, with miR-21 a viable option.

2.2.2.6 Effects of gender upon arterial stiffness

The influence of gender upon arterial structure with age is difficult to discern due to
natural ageing effects, CVD risk factors, anthropometric differences and
environmental factors which may vary between genders (Rossi et al., 2011). These
factors may offer a partial explanation for the disparate results when investigating the
influence of gender upon markers of arterial stiffness. Broadly, differences in arterial
stiffness development between genders throughout the lifespan is reflective of total
CVD development. Some studies have reported no gender differences in regards to
stiffening of large arteries during ageing (Van der Heijden-Spek et al., 2000,
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Vaitkevicius et al., 1993). However, higher arterial compliance, wall stiffness and
pulse pressure have been reported in males until 50-60 years of age, where there
appears to be a greater decline in these parameters in females compared to males
(Waddell et al.,, 2001). Zaydun et al. (2006) assessed brachial-ankle PWV (an
indicator of peripheral stiffness) in 3149 women aged 21-94 years. The relationship
between brachial-ankle PWV and age formed a quadratic curve with the slope of the
curve steeper following the menopause (Zaydun et al., 2006). Additionally, women
who had experienced the menopause at least 6 years previously had a significant risk
of being in the highest tertile for PWV (odds ratio 2.08) indicating stiffer peripheral
arteries and suggesting a relationship between arterial stiffness and oestrogen
deficiency (Zaydun et al., 2006). Importantly, a strong relationship between arterial
wall stiffness and circulating female hormones has been reported by Waddell et al.
(1999). This is supported by an observed change in CVD prevalence in post-

menopausal females and females with hyperandrogenism (Liu et al., 2001).

The majority of research has focussed upon the effects of oestrogen on arterial wall
structure and blood pressure. Both genders produce oestrogen and have oestrogen
receptors, however females have higher levels of oestrogen receptors within arteries
compared to males (Nakamura et al., 2005). Males consistently present with higher
blood pressure compared to females (Rossi et al., 2011), until menopause when post-
menopausal women have higher BP compared to pre-menopausal women (Staessen
et al., 1989). Oestrogen deficiency, experienced by post-menopausal women, has
been associated with increased angiotensin-converting enzyme activity and
increased salt sensitivity, both of which contribute to increased blood pressure (Brown

et al., 2002).

Direct vascular effects of oestrogen include inhibition of atherosclerotic plaque

development and progression (Rossi et al., 2011). In post-menopausal women the
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progression of atherosclerosis development is accelerated compared to pre-
menopausal women (Rossi et al., 2011). Females prescribed HRT early after
menopause onset show deceleration in atherosclerosis development compared to
women not taking HRT (Hodis et al., 2003). Oestrogen contributes to arterial
structure through regulation of the collagen and elastin fibre ratio and MMP activity
(Rossi et al., 2011). Natoli et al. (2005) found that all sex steroids reduced collagen
deposition in human aortic SMC cultured for 4 weeks compared to a control. However,
female sex steroids (17B-oestradiol and progesterone) in particular, produced an 11
fold increase in the elastin/collagen ratio compared to testosterone (Natoli et al.,
2005). Female sex steroids also promoted increases elastin/collagen ratio and
decreases systemic vascular resistance demonstrating their importance and
accounting for differences between the sexes and with the menopause (Natoli et al.,
2005). Systemic arterial compliance was assessed in 26 pre-menopausal women and
52 post-menopausal women of which 26 were already taking hormone replacement
therapy (HRT) (mean duration 7 £ 1 years) (Rajkumar et al., 1997). The results
showed that post-menopausal women not taking HRT had significantly reduced
arterial compliance (0.26 £ 0.02 AU) compared to pre-menopausal (0.57 £ 0.04 AU)
women and post-menopausal women taking HRT (0.43 £ 0.02 AU) (Rajkumar et al.,
1997). In 11 post-menopausal women HRT was withdrawn for 1 month resulting in
decreased arterial compliance (0.33 + 0.02 AU) although not to the level of post-
menopausal women not taking HRT (Rajkumar et al., 1997). Waddell et al. (1999)
also demonstrated that withdrawal of HRT for 4 weeks significantly reduced systemic
arterial compliance from 0.47 + 0.06 to 0.40 = 0.05 AU. Upon resuming HRT for 4
weeks there was an improvement in arterial compliance back to baseline levels (0.47
+ 0.07 A.U.), demonstrating the importance of oestrogen in regulating arterial
compliance (Waddell et al., 1999). Other studies have produced conflicting results in

regards to the effect of HRT upon vascular stiffness measures. When HRT was
55



prescribed later following the menopause there appeared to be no protective effect
and no reduction in CVD risk (Mosca, 2000). Oestrogen has also been shown to
directly impact cell proliferation and arterial remodelling (Natoli et al., 2005, Fischer
et al., 1981) by reducing collagen deposition and increasing elastin deposition in

humans (Natoli et al., 2005) and animals (Fischer et al., 1981).

Comparatively little research has been conducted on the effects of progesterone upon
cardiovascular health with most trials typically using a combination of female sex
steroids rather than progesterone only. Progesterone receptors are expressed on
both the endothelium and VSMC (Orshal and Khalil, 2004). As a result progesterone
has been shown to induce relaxation of the coronary arteries and promote
endothelium dependent relaxation through NO mechanisms in pigs (Molinari et al.,
2001). Further studies have shown progesterone to be capable of upregulating eNOS
to aide vasodilation in sheep (Rupnow et al., 2001). The vasodilatory properties of
progesterone may be mediated by modulation of calcium channels (Barbagallo et al.,
2001). When assessing endothelium independent relaxation of VSMC the effect of
progesterone is smaller than observed following oestrogen infusion (Herkert et al.,

2000).

Progesterone decreases collagen deposition producing a 7 fold higher
elastin/collagen ratio compared to testosterone and is comparative to the ratio
observed upon administration of oestradiol (Natoli et al., 2005). The greatest
improvement in the elastin/collagen ratio (11 fold improvement) occurs when
oestradiol and progesterone are combined and applied in human aortic SMC tissue
culture (Natoli et al., 2005). In contrast to oestradiol which increases elastin
deposition, progesterone may reduce elastin deposition (Natoli et al., 2005).

Additionally, HRT containing progesterone was shown to counteract the effects of
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oestrogen only HRT upon arterial compliance in 109 post-menopausal women at least

2 years post last menses (McGrath et al., 1998).

Testosterone has been difficult to study thus little evidence exists to suggest a role in
regulation of vascular structure and CVD risk. Low levels of testosterone have been
linked to higher blood pressure in middle aged males (Khaw and Barrett-Connor,
1988). Levels of testosterone are known to decline during normal ageing in males
therefore it is difficult to discern whether changes in BP are associated with ageing or
testosterone or a combination of both (Ferrini and Barrett-Connor, 1998). Additionally,
onset of other traditional CVD risk factors typically begins in middle aged males and
further confound the order of effect. When testosterone treatment was prescribed to
24 males (age 64+1 years) with type 2 diabetes there was no significant effect upon

BP however overall cardiovascular risk was reduced (Kapoor et al., 2006).

Assessing the direct effect of testosterone upon vascular structure is difficult due to
no populations having excess production of testosterone. Testosterone receptors are
expressed in both the endothelium and VSMC (Hatakeyama et al., 2002), however
the exact mechanisms by which testosterone acts upon the vasculature is unknown.
In human males low testosterone is independently associated with increased CVD
mortality (Khaw et al., 2007). Furthermore, in conditions where testosterone is
suppressed, for example males treated for prostate cancer, there is a greater
incidence of acute coronary events (D'amico et al., 2008). This may be due to the role
of testosterone in inhibiting plague development and relaxation of the aorta as
demonstrated in 8 castrated male rabbits fed a cholesterol rich diet and treated with
testosterone (Alexandersen et al., 1999). High levels of physiological testosterone
have been associated with increased endothelial function, reduced peripheral
vascular resistance and improved vasomotor function demonstrating similar effects

to oestrogen (Jones et al., 2004). As stated in section 2.2.2.4, testosterone is
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converted to 17 B-oestradiol when testosterone concentrations are too high which
may explain the similarities in vasodilatory capacity compared to oestrogen (Rossi et
al., 2011). Conversely, research has shown that high physiological levels of
testosterone can be detrimental for endothelial function and increases wall stiffness
in rabbits (Hutchison et al., 1997). With regards to arterial structure testosterone was
shown to reduce elastin to collagen ratio in aortic VSMC culture during puberty
(increasing testosterone levels during development) (Ahimastos et al., 2003).
However, a study by Kupari et al. (1994) showed no association between total
testosterone and aortic compliance. Contrastingly, males with type 2 diabetes were
found to have an inverse relationship between serum testosterone and carotid intima-
thickness (Fukui et al., 2003, Fukui et al., 2005) and arterial stiffness (Fukui et al.,

2007).
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2.3 Exercise in modification of parameters of vascular
health

Physical activity is defined as any bodily movement produced by skeletal muscles
that results in energy expenditure (Caspersen et al., 1985). Epidemiological evidence
suggests that physical activity is associated with a 35% reduction in cardiovascular
mortality and a 33% reduction in all-cause mortality (Nocon et al., 2008). Moreover,
there is a curvilinear dose—response relationship between physical activity and
cardiovascular risk, suggesting higher levels of physical activity are only beneficial up
to a point (Williams and Thompson, 2013). Exercise differs from physical activity in
that exercise is planned, structured, repetitive with the purpose of improving or
maintaining physical fitness (Caspersen et al., 1985). Exercise training is associated
with reductions in both primary and secondary vascular events, the magnitude of
which cannot be solely accounted for by modification of traditional risk factors as the
association with reduced mortality is independent of these risk factors (Green et al.,
2004, Dimmeler and Zeiher, 2003). Only 40-60% of CVD risk can be explained by
modification of traditional risk factors through exercise, changes to endothelial
dysfunction and arterial stiffness likely account for the remainder of this CVD risk
(Joyner and Green, 2009). Government recommendations for exercise in the UK
suggest that adults should complete at least 30 minutes of moderate intensity
exercise on 5 day per week or vigorous intensity exercise of 20 minutes on 3 days
per week. Haskell et al. (2007) reported that approximately 6% of the adult population
met these guidelines. Reasons for not fulfilling Government recommended criteria
included lack of time and lack of enjoyment (Trost et al., 2002a). Therefore, it is vital
that a type of exercise which improves adherence and increases participation to yield

exercise related health benefits is sought.
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An important feature of exercise training is the length of time required for a change to
be observed. Studies have reported improved NO dependent vasodilation as early as
2-4 weeks after the onset of exercise training (Birk, 2011, Tinken et al., 2008).
Contrastingly, longer exercise interventions, e.g. 8 weeks and longer, have reported
little or no change in FMD (Tinken et al., 2010). The rationale for these differences
maybe that functional changes to the arteries are only upregulated for a short time
period following the onset of a new stimulus before structural adaptations begin to
occur (Tinken et al., 2008). Indeed brachial artery dilator capacity, suggested as a
surrogate measure of arterial remodelling (Naylor et al., 2005), was gradually
increased over 8 weeks of exercise training (Tinken et al., 2008). Short duration
exercise interventions are likely enough time for upregulation of eNOS and increased
eNOS protein content to improve NO bioavailability (Laughlin et al., 2003). However,
there is perhaps a ceiling effect in the production of eNOS and NO. Therefore, longer
exercise training durations may induce structural adaptations which are able to
accommodate changes in shear stress without the need for NO upregulation hence
the return in vasodilator function to pre training levels (Maiorana et al., 2003).
Techniques such as FMD not only show functional changes in endothelium
dependent NO production but also changes in resting diameter which would support
the hypothesis of structural changes induced by longer term exercise training.
Similarly, changes in arterial stiffness may require longer training interventions to

induce structural changes to the artery.

2.3.1 Exercise alters haemodynamics

Earlier in this literature review (section 2.1.3), the importance of shear stress was
discussed for the maintenance of healthy vasculature function and structure. The role
of shear stress in development of endothelial dysfunction and arterial stiffness with

ageing and differences between genders has also been discussed (sections 2.2.1.1
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and 2.2.2.1). It is apparent that modification of shear stress may have an integral role
in either prevention or reversal of endothelial dysfunction and arterial stiffness.
Exercise is a relatively easy way of modifying shear stress and has a positive effect
on outcomes of vascular health such as endothelial function and arterial stiffness.
However, there remains many factors relating to exercise induced shear which have
not been fully explored. Therefore, optimising exercise for the production of shear
stress which induces the greatest improvements in vascular health is yet to be

determined.

Exercise increases oxygen demand for working muscles, to meet this demand cardiac
output increases through increases in heart rate (Hawley et al., 2014). Blood pressure
and blood flow are subsequently increased as a result of increased cardiac output
(Hawley et al., 2014). Shear stress increases during exercise due to increased pulse
pressure and exercise induced blood flow (Green et al., 2017). Thus, the NO pathway
is activated to upregulate NO bioavailability and improve the vessel's vasodilatory

capacity (Higashi and Yoshizumi, 2004), described in detail in section 2.1.3.

Exercise not only increases blood flow and shear stress, but also increases the
frequency of pulsatile changes in pressure and flow and increases systolic and pulse
pressures (Green et al., 2017). The regulation of endothelial cell phenotype by shear
stress is dependent upon the time alignment of increases in diameter, blood flow and
blood pressure (Green et al., 2017). Pulsatile changes in blood flow, heart rate and
blood pressures that have the same time course have been reported in the aorta and
are associated with an anti-atherogenic endothelial cell phenotype (Dancu et al.,
2004). In contrast, asynchronous changes in blood flow, heart rate and blood
pressures cause retrograde flow during diastole, characteristic of coronary arteries
(Dancu et al., 2007). Asynchronous haemodynamics also reduce eNOS expression

and increase ET-1 expression, promoting a pro-atherogenic endothelial cell
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phenotype (Dancu et al., 2007). Coronary arteries are predisposed to developing
atherosclerosis compared to the aorta and this may be attributed to the
haemodynamics experienced by the endothelial cells in the respective arteries
(Green et al.,, 2017). Exercise appears to be able to reverse pro-atherogenic
endothelial cell phenotype in coronary arteries. This is likely through a 4-6-fold
exercise induced increase in blood flow to the coronary arteries which increases SR
(Laughlin et al., 2008b). The increase in SR is accompanied by a small increase in
systolic blood pressure (Laughlin et al., 2008b). These factors result in blood flow
during both systole and diastole becoming positive, which is associated with an anti-

atherogenic endothelial cell phenotype (Laughlin et al., 2008b).

At the onset of exercise there is an increase in blood flow and SR in active regions
which appears to be dependent upon the intensity of the exercise, and is required to
meet metabolic demands (Green et al., 2005). Additionally, the type of exercise is
also an important factor in determining the effect of exercise upon shear. Handgrip
exercise recruits only a small muscle mass and therefore metabolic demand is
relatively low. Accordingly, minor increases in cardiac output and blood pressure are
observed (Green et al., 2005). However, large increases in blood flow and SR out of
proportion to cardiac output and blood pressure are reported (Green et al., 2005). It
has therefore been assumed that reductions in downstream peripheral resistance
through vasodilation are responsible for the increased blood flow (Green et al., 2005).
When larger muscle masses are recruited for exercise, such as lower limb, there are
larger increases in blood pressure and cardiac output. This is associated with large
increases in blood flow as detected in the femoral artery which results from reductions
in downstream peripheral resistance in addition to increases in central driving
pressure (Green et al., 2017). Due to technical difficulties, research investigating

blood flow to active exercising muscles has not been possible. The closest research
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has come to examining blood flow in the active limb is examining brachial artery blood
flow during handgrip exercise. However, this type of exercise induces very different
haemodynamic response compared to rhythmic aerobic exercise such as cycling.
However, assessing femoral artery blood flow during cycling exercise is currently not
possible. Therefore, previous studies have attempted to record blood flow responses

in the inactive upper limb during lower limb exercise.

When blood flow is assessed in the inactive upper limb during lower limb exercise
there is a reduction in blood flow at the onset of exercise which is restored as exercise
continues (Bishop et al., 1957). Also at the onset of exercise there are small increases
in anterograde blood flow which is accompanied by large increases in retrograde
blood flow (Green et al., 2002a, Green et al., 2002b). The disproportionately large
increases in retrograde blood flow may be attributed to activation of the sympathetic
nervous system and increases downstream peripheral resistance (Casey et al., 2012,
Padilla et al., 2010). Alternatively, there may be a role for an increase in microvascular
closing pressure (Halliwill and Minson, 2010). This pattern of blood flow is dependent
upon the type of exercise prescribed as resistance exercise such as leg kicking is
associated with greater increases in systolic blood pressure which is accompanied
by pressure driven increases in anterograde flow with little increase in retrograde flow
(Green et al., 2017). As exercise continues there is dilation of resistance arteries and
skin microcirculation as a thermoregulatory response resulting in decreases in total
peripheral resistance and altering upstream blood flow and shear patterns (Green et

al., 2017).

An additional factor, which per Poiseuille’s Law, is integral in determining shear stress
is arterial diameter. A dose dependent dilation in brachial artery diameter following
incremental increases in SR was reported by Carter et al. (2013). This occurred when

the forearm was heated, increasing blood flow and SR independent of exercise and

63



associated increases in blood pressure and cardiac output (Carter et al., 2013). This
finding was confirmed when bilateral assessment of brachial artery blood flow in
response to heating or exercise was examined with one limb cuffed to remove
changes in blood flow (Carter et al., 2013). Abolishing the blood flow in the cuffed
limb prevented any changes in brachial artery diameter, thus demonstrating the

importance of SR in inducing acute vasodilation (Carter et al., 2013).

Many considerations must be made when designing an exercise intervention to
improve vascular health for a chosen population. The importance of type of exercise
when assessing blood flow responses to exercise and how this may have a knock-on
effect on outcomes of vascular health such as endothelial function and arterial
stiffness was discussed earlier in this section. For example, hand grip exercise, leg
kicking and rhythmic exercise such as walking and cycling induce different patterns
of shear due to differences in metabolic demand, blood pressure and cardiac output
(Green et al., 2017). In addition to type of exercise, exercise modality is also an
important consideration, e.g. resistance versus aerobic training. Whilst this will not be
reviewed within this current thesis there is a large body of literature which has
compared these exercise modalities upon vascular health. Aerobic exercise appears
to be the most consistently effective type of exercise for vascular improvements in

the literature and thus will be explored within this thesis.

Exercise intensity also varies between studies assessing vascular health and has
important effects upon haemodynamics. Traditional moderate intensity exercise
matches current physical activity guidelines to improve general health. However,
depending upon how moderate intensity exercise is defined, appears to determine
whether markers of endothelial function and arterial stiffness are improved or there is
no effect. Recently, similar or greater improvements in markers of endothelial function

and arterial stiffness have been observed with interval training (IT), discussed in more
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detail in section 2.3.1.2.2. Inter-study differences likely occur due to differences in
prescription of exercise intensity which varies widely between studies. Some studies
define exercise intensity by metabolic stress (lactate threshold) or a percentage of
VOqpeak Whilst others take a more pragmatic approach using percentage of HRpeak.
Thus, it is difficult to distinguish the influence of type of exercise and intensity of

exercise in driving physiological adaptations to exercise training.

2.3.1.1 Acute exercise effects upon haemodynamics and markers of
vascular health

2.3.1.1.1 Exercise intensity affects shear rate and markers of vascular health

Prescription of exercise intensity needs to be considered in relation to desired
outcome i.e. improvements in exercise tolerance may require higher intensity
exercise whereas for vascular adaptations lower intensity exercise may be more
appropriate. Another important consideration is the target population and their ability
to safely complete and adhere to the exercise intensity prescribed. Patients with
coronary heart disease or peripheral arterial disease may be unable to tolerate high
intensity exercise and the risk of a cardiovascular event with this type of exercise may
outweigh the physiological benefits. However, in an observational study of over 70
000 post-menopausal females (aged 50-79 yr.) intensity of physical activity was

strongly, inversely correlated with risk of cardiovascular events (Manson et al., 2002).

Studies within exercise literature have used varying percentages of VOamax, WRpeak,
HRmax Or heart rate reserve (HRR) to define intensity. However, many of these studies
have not adequately controlled individual physiological stress i.e. above or below
lactate threshold (LT) and critical power (CP) where acid-base balance and
pulmonary gas exchange are different. Whipp (1996) has previously defined exercise
intensity with respect to metabolic stress using a 4 intensity domain model of aerobic

function. Exercise within a single intensity domain (moderate, heavy, very heavy and
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severe) has common characteristics of ventilatory gas exchange and acid-base
profiles (Whipp, 1996). LT and CP do not occur at the same point in relation to VO-
in all participants. Therefore, using an intensity of 60% VO2max may occur above the
lactate threshold in some individuals and below in others, exercise above the lactate
threshold places different physiological and metabolic stresses on the body to
exercise below the lactate threshold which may contribute to the vast conflict

demonstrated within the literature.

As discussed in detail earlier (section 2.1.3), improvements in vascular health are
dependent upon shear stress. Whilst few studies have measured shear stress during
exercise, it has been assumed that exercise induces large volumes or high
magnitudes of laminar shear stress driven by increases in anterograde shear. This is
hypothesised due to the relationship between exercise and hyperaemia which is
intensity dependent (Green et al., 2017). Acute higher intensity exercise likely induces
greater magnitudes of shear stress due to higher heart rates attained during exercise
compared to moderate intensity exercise. Therefore, higher intensity exercise
associated with greater increases in shear stress may be postulated to induce greater
post-exercise endothelial function. Green et al. (2002b) assessed blood flow in the
brachial artery during acute lower limb cycling at increasing resistances in 8 healthy
males (22 + 4 years). Magnitude of anterograde flow increased with increasing
exercise intensity with the same pattern observed in retrograde flow albeit at a lower
total magnitude (Green et al., 2002b). At lower exercise intensities, retrograde flow
was observed to have greater impact due to lower anterograde flow resulting in higher
oscillatory shear (Green et al., 2002b). However, the resultant effect of these SR

patterns upon endothelial function was not assessed.

Contrastingly, high intensity cycling (70-85% HRmax) has been shown to induce an

immediate reduction in acute endothelial function which was not observed at lower
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exercise intensity (50% HRmax) (Birk et al., 2012). A recent study by Bailey et al.
(2017) investigated how differences in cardiorespiratory fitness affected acute
endothelial function in response to either moderate or high intensity exercise in 47
older males (70 £ 5 yr.). Participants were divided into low (24.3 £ 2.9 ml/kg/min) and
high fitness (35.4 + 5.5 ml/kg/min) groups before undertaking acute moderate
continuous (MOD CON) (40% PPO) and high intensity IT (70% PPO) (Bailey et al.,
2017). At baseline there were no differences in FMD between fithess groups (Bailey
et al.,, 2017). FMD increased after MOD CON in both fitness groups at 10 min post
exercise (Low fit: 4.7 £ 1.6 t0 5.4 + 1.9%; high fit: 5.1 + 1.5t0 6.1 + 2.5%) and returned
to resting levels at 60 min post exercise (Low fit: 4.7 £ 1.6 to 4.8 = 1.7%; high fit: 5.1
+1.5t0 4.9 + 1.3%) (Bailey et al., 2017). The low fithess group had reduced FMD at
10 min post high intensity IT and at 60 min (resting: 4.8 + 1.4; 10 min post 4.0 £ 2.2%j;
60 min post 4.1 + 1.3%) whereas the high fithess group had no change in FMD 10
min after but increased at 60 min post exercise (resting: 4.9 £ 1.5; 10 min post 5.0 +
2.6%; 60 min post 5.7 + 2.0%) (Bailey et al., 2017). It was concluded that exercise
intensity altered acute FMD response which was modulated by cardiorespiratory
fitness although the mechanisms for these differences were not investigated (Bailey
et al.,, 2017). It is also interesting that the time course of the FMD response also
appears to be affected by exercise intensity. Importantly, larger increases in BP were
observed during high intensity IT compared to MOD CON irrespective of fithess

(Bailey et al., 2017).

Similarly, Yoo et al. (2017) assessed the acute effect of different exercise intensities
and sex differences upon endothelial function. 13 older males (67 + 1 yr.) and 15 post-
menopausal women (65 £ 2 yr.) underwent FMD assessment prior to exercise, 20
min and then 60 min following a single bout of exercise which consisted of high

intensity IT (40 min 4x4 90% HRpeak), MOD CON (47 min 70% HRpea) and low
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intensity CON (47 min 50% HRpeax). In older males, acute FMD was reduced 20 min
post exercise by 45% following high intensity IT and 37% after MOD CON which was
subsequently normalised at 60 min post exercise (Yoo et al., 2017). In females, FMD
was not significantly altered at 20 and 60 min following high intensity IT or MOD CON,
additionally low intensity exercise had no effect on FMD in both males and females
(Yoo et al., 2017). It was concluded that sex and exercise intensity influence acute
FMD response with high intensity IT producing a detrimental effect in males shortly

after acute exercise (Yoo et al., 2017).

Another important mechanism for exercise intensity related changes to endothelial
function may be attributable to changes to the balance between oxidative stress and
anti-oxidant defence. Some studies have reported no improvement or reductions in
endothelial function following higher intensity exercise compared to moderate
intensity exercise which has been assumed to be a result of increased ROS
production (Goto et al., 2003). This may be due to an immediate increase in ROS
following higher intensity exercise followed by an upregulation of anti-oxidants 60 min
post exercise resulting in improved endothelial function (Dawson et al., 2013).
Immediate benefits of moderate intensity exercise may be due to an insufficiency in
exercise intensity to stimulate ROS production thus enabling an immediate
improvement in endothelial function to be detected. In contrast, studies within this lab
group have shown no impact of moderate intensity exercise upon endothelial function
which may be due to insufficient SR because of small changes in exercise induced
heart rate and blood pressure (Rakobowchuk et al., 2012a). This discrepancy
observed between studies investigating exercise intensity and endothelial function is

likely due to inconsistencies in prescription of exercise intensity.

2.3.1.1.2 Type of exercise stimulus alters shear rate patterns
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Type of exercise or stimulus appears to be integral in determining the type of shear
stress the endothelium is exposed to, determining the effect upon markers of vascular
health. Tinken et al. (2009) assessed the effect of 30 minutes of forearm heating,
handgrip exercise or recumbent cycle exercise upon acute endothelial function using
FMD in 10 healthy young males (28 + 7 yr.). A blood pressure cuff was placed on the
contralateral limb (abolishing SR changes) and FMD measured simultaneously in
both arms to assess the effect of SR from the aforementioned conditions affected
(Tinken et al., 2009). Mean and anterograde flow were elevated from baseline across
all conditions with retrograde flow elevated in the two exercise conditions only (Tinken
et al., 2009). The cuffed limb showed no change in FMD from baseline whereas the
non-cuffed limb displayed significant acute increases in acute FMD following forearm
heating (3.5%), handgrip exercise (3.5%) and cycle exercise (2.2%) (Tinken et al.,
2009). It was concluded that acute FMD change was dependent upon changes in

stimulus induced SR (Tinken et al., 2009).

Thijssen et al. (2009a) used ultrasound to image the brachial artery during acute
walking, cycling and leg kicking exercise of increasing intensity in healthy males and
females (24+3 yr.). Type of exercise affected SR as both walking and cycling were
shown to significantly increase retrograde SR compared to leg kicking exercise, with
the greatest increase observed during cycling (Thijssen et al., 2009a). Additionally,
increasing exercise intensity increased mean and anterograde SR during all protocols
although the resulting effect upon endothelial function was not assessed (Thijssen et

al., 2009a).

The negative impact of retrograde SR upon endothelial functioning was elegantly
demonstrated in a study by Thijssen et al. (2009b). A blood pressure cuff on one arm
was inflated to 3 different pressures (25, 50 and 75 mmHg) for 30 minutes on three

separate visits. This was to create a dose-response curve of magnitude of retrograde

69



flow and change in FMD, as inflation of a blood pressure cuff is known to induce
retrograde SR (Thijssen et al., 2009b). FMD was measured prior to and following the
period of cuff inflation to assess changes in endothelial function (Thijssen et al.,
2009b). The study found that the greater cuff pressure caused a greater magnitude
of retrograde SR resulting in reduced endothelial function demonstrated by a
decrease in FMD, whilst anterograde SR remained unchanged (Thijssen et al.,

2009b).
2.3.1.2 Chronic exercise training induces changes in vascular health

2.3.1.2.1 Exercise intensity during training is an important consideration in

the modification of vascular health

Exercise training improves endothelial function, with larger improvements observed
in populations with cardiometabolic disorders (Green et al., 2017). Improvement in
endothelial function with exercise is likely a result of improved NO bioavailability with
exercise through regular increases in shear stress and activation of the downstream
eNOS pathway (see section 2.1.3) (Higashi and Yoshizumi, 2004). Chronic aerobic
exercise increases the magnitude of blood flow velocity thus increasing shear stress
and upregulating eNOS gene expression (Sessa et al., 1994). Kingwell et al. (1997)
assessed forearm blood flow in response to venous occlusion plethysmography in 13
healthy sedentary males (24 £ 2 yr.) across 4 weeks of cycling exercise (30 min at
65% WRmax). This study demonstrated that resting NO was upregulated following
exercise training in the untrained limb and therefore the stimulus for this basal
improvement in endothelial function must be unrelated to local muscular adaptations
and dependent upon elevated SR and systemic adaptations (Kingwell et al., 1997).
However, this increased NO production as a result of exercise training may be short

lived (Green et al., 2004).
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Sessa et al. (1994) demonstrated increased release of nitrite (stable degradation
product of NO) and increased eNOS expression in dogs following chronic exercise.
Upregulation of these factors are likely due to exercise related increases in SR and
alteration in fluid dynamics upregulating eNOS expression (Kojda and Hambrecht,
2005). Additionally, increased eNOS expression upregulates NO production
effectively inhibiting ET-1 (Lekontseva et al., 2010) which is associated with
superoxide production through uncoupling of eNOS and activation of NADPH oxidase
(Loomis et al., 2005). ET-1 production is regulated through oxidative stress, thus
greater anti-oxidant release could inhibit ET-1 production (Loomis et al., 2005) thus
reversing/preventing endothelial dysfunction and arterial stiffening associated with
ET-1. Regular aerobic exercise has been shown to enhance anti-oxidant systems
(Higashi and Yoshizumi, 2004) thus counteracting the oxidative effect associated with

ET-1.

Chronic exercise training also alters stroke volume through changes in plasma
volume and blood viscosity (Joyner and Green, 2009). According to Poiseuille’s law,
increases in plasma volume and blood viscosity produce greater shear stress and
stimulate upregulation of NO, improving endothelial function following exercise
training. Additionally, exercise training modifies the relationship between cutaneous
vasodilation and core temperature which normally increases linearly until a plateau is
reached (Roberts et al., 1977). With exercise training the relationship is shifted left in
so much as cutaneous vasodilation occurs at a lower core temperature and reaches
a higher plateau where larger volumes of blood reach the skin (Roberts et al., 1977).
This appears to be linked to exercise training increases in plasma volume (lkegawa
et al., 2011). This is important when considering reductions in total peripheral

resistance which have large effects upon upstream shear patterns.
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Intensity of exercise training is an important consideration. Kemi et al. (2005)
assessed carotid artery endothelial function in response to acetylcholine in 24
females rats following 10 weeks of moderate or high intensity IT running on a
treadmill. In rats, high intensity exercise (85-90% VO:zmax) correlated with beneficial
cardiac adaptations (Kemi et al., 2005). Moderate intensity exercise (65-70% VO2max)
displayed comparable improvements in endothelial function to high intensity (Kemi et
al., 2005). Similarly, 4 weeks of vigorous cycling exercise training (80% HRpeax)
improved coronary endothelial function in 10 coronary artery disease patients (60+2
yr.) compared to sedentary controls (Hambrecht et al., 2000). Vasodilation in
response to acetylcholine was significantly improved following exercise training
indicating reversal of endothelial dysfunction, although vasodilatory capacity was not

restored to normal, pre-disease levels (Hambrecht et al., 2000).

In contrast, higher intensity exercise conducted over the course of a chronic exercise
training intervention in healthy humans has been shown to induce detrimental effects
or is of no greater benefit than lower intensity exercise. This was demonstrated by
Bergholm et al. (1999) who showed three months of high intensity running training
(70 — 80% VO2max) decreased endothelial dependent vasodilation measured via
forearm blood flow in 9 healthy males (26 + 1 yr.). Goto et al. (2003) showed that
cycling exercise for 30 minutes, 5-7 times per week for 12 weeks at high intensity
(75% VO2max) did not improve endothelial dependent vasodilation; moderate intensity
(50% VO2max) cycling improved endothelial dependent vasodilation in 26 healthy
males (25 + 3 yr.) (Goto et al., 2003). Both of the aforementioned studies indicate a
lack of improvement in endothelial function with high intensity aerobic exercise. This
may be due to higher exercise intensities causing increases in ROS (Goto et al.,
2003) which can degrade NO (explained in detail in section 2.2.1.5) (Cai and

Harrison, 2000) or reductions in anti-oxidant defence (Bergholm et al., 1999).
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Conversely, acute inflammation induced by higher intensity exercise may upregulate
antioxidant defences thus reducing oxidative stress and inflammation within the

vasculature, good for healthy endothelial function (Fisher et al., 2011).

In regards to changes in arterial stiffness, Sugawara et al. (2006) examined carotid
B-stiffness index in 17 sedentary post-menopausal women following 12 weeks of
either moderate (40% HRR) or vigorous cycling (70% HRR). Carotid 3-stiffness index,
indicative of central vascular stiffness, was reduced following both moderate or
vigorous intensity with no differences between (Moderate -4.0 £ 4.8 A.U. vs. Vigorous
-4.1 £ 49 AU.) (Sugawara et al., 2006). Similarly, Rakobowchuk et al. (2012b)
demonstrated that carotid arterial stiffness improved with 6 weeks of moderate or
heavy IT training in 20 males and females (23 £ 3 yr.) but this improvement was not
intensity dependent. Joyner (2000) has suggested that increases in pressure with

exercise increases the stretch of the arterial wall reducing arterial stiffness.

2.3.1.2.2 Type of exercise is integral for adaptations in vascular health

The importance of shear for chronic improvements in endothelial function has been
shown following both handgrip and cycling exercise training. Bilateral handgrip
exercise training and cycle exercise training was commenced for 8 weeks with one
arm cuffed during exercise (Tinken et al., 2010). The inflation of a blood pressure cuff
during exercise removed the influence of shear mediated changes. The arm which
underwent cuff inflation showed no changes in endothelial function over the 8-week
training intervention (Tinken et al., 2010). In contrast, the arm that was exposed to
the increases in blood flow and SR over the course of the training intervention
demonstrated improved endothelial function (Tinken et al.,, 2010). Therefore,
irrespective of the type of exercise undertaken during an exercise training

intervention, increases in blood flow and SR are vital for changes in vascular function.
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Traditionally continuous exercise training has been used to improve markers of
exercise tolerance and to improve cardiovascular health. However, current literature
now commonly utilises interval (IT) exercise training in various formats as a
comparison for traditional CON exercise. The use of IT exercise has stemmed from
reported barriers to exercise. Greater volumes of vigorous exercise can be
accumulated using an IT exercise approach therefore a shorter duration of exercise
may be required compared to CON exercise. This makes interval training more time
efficient and therefore more appealing to the public who often cite lack of time for not
regularly partaking in exercise (Trost et al., 2002b). Bartlett et al. (2011) also reported
increased enjoyment during interval compared to CON exercise training, even when
the session durations were of equal length. Interval exercise consists of repeated
periods of “work” at a higher resistance interspersed with periods of “active recovery”
at a low resistance. Gibala et al. (2012) has suggested that these “work” bouts should
consist of repeated bouts of brief, vigorous activity. Indeed, the benefit of IT exercise
is that the duration and intensity of these “work” bouts can be adapted to make them
suitable for target populations. Additionally, IT exercise enables the attainment of high
work rates (WR) at higher volumes than would be sustainable with CON exercise due
to the rapid onset of fatigue and is made possible due to the inclusion of recovery
periods and may consequently produce greater physiological adaptations (Kessler et
al., 2012). The work rate profile created by this pattern of work and recovery has itself
been proposed to be of equal or greater benefit in adaptations of the vasculature
compared to CON exercise at matched work rate, intensity and volume (Gibala et al.,
2012). Peripheral and systemic physiological adaptations have been achieved in
healthy (Burgomaster et al., 2008) and patient populations (Wislgff et al., 2007)
following IT exercise training. In these studies IT training varied from 4 minutes of
“‘work” with 3 minutes recovery 4 times to 30 seconds work and 30 seconds recovery.

Short bursts of intense exercise such as experienced with shorter IT protocols, may
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produce mitochondrial adaptations similar to prolonged endurance exercise with a
lower volume of work required to attain the same adaptations (Gibala et al., 2012).
High intensity interval training induced skeletal muscle remodelling producing larger
gquantities of oxidative fibres and increased mitochondrial biogenesis contributing to

increased VO:2max (Gibala et al., 2012, Little et al., 2011).

Rakobowchuk et al. (2008) investigated popliteal and carotid distensibility in addition
to popliteal artery endothelial function following 6 weeks of either sprint interval
training (SIT: 4-6 Wingates) or CON exercise (40-60 min at 65% VO2peax) in 20 healthy
males and females (23 + 3 yr.). Peripheral popliteal artery distensibility was improved
following both types of exercise with no change in carotid artery distensibility.
Additionally, both types of exercise produced equivalent improvements in endothelial
function (CON 5% to 7% vs. SIT 6% to 7%) despite SIT training requiring a lower time
commitment. Importantly, the high intensities attained during SIT did not negatively
affect endothelial function (Rakobowchuk et al., 2008). It was concluded that although
SIT is a more time efficient way of improving peripheral structure and function
compared to CON, changes in measures of central stiffness may require a longer
training stimulus or greater initial vessel stiffness (Rakobowchuk et al., 2008).
Likewise, Tjgnna et al. (2008) demonstrated that 16 weeks of CON (70% HRmax) and
aerobic interval training (AIT: 4 min at 90% HRmax interspersed with 4 min recovery)
Improved endothelial function in 32 patients with metabolic syndrome (52 + 4 yr.).
However, IT was superior in producing the greatest change in FMD (IT 9% vs CON

59%).

Wislgff et al. (2007) assessed the effect of 12 weeks of high intensity interval (4 min
at 90-95% HRpeak interspersed with 3 min at 50-70% HRyeak repeated 4 times) or
moderate continuous (70-75% HRpeax) uphill treadmill walking on cardiac adaptations

in 27 heart failure patients (75 = 11 yr.). Both exercise interventions improved
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dependent variables with high intensity IT producing greater improvements in both
cardiac adaptations and endothelial function measured via FMD (Wislgff et al., 2007).
However, six weeks of either moderate or heavy intensity IT (matched for total work
and duration) in 20 untrained males and females reduced carotid B stiffness index in
both conditions with no effect on arterial wall thickness (Rakobowchuk et al., 2012b).
Guimaraes et al. (2010) demonstrated that 16 weeks of treadmill IT exercise training
(2 min at 50% HRR and 1 min 80%HRR) reduced carotid-femoral pulse wave velocity
(PWV), a measure of central arterial stiffness. No effect on carotid-femoral PWV was
observed following continuous exercise (40min at 60% HRR) in 65 sedentary
hypertensive participants (Guimaraes et al., 2010). Mechanisms related to
improvements in cardiovascular risk with IT exercise are likely to be dependent upon
higher power outputs and intensities achieved in an easier format compared to CON.
Therefore, intensity of the interval training needs to be clearly defined so that the
metabolic stress between participants is controlled which allows disambiguation of

factors driving physiological adaptations induced by exercise training.

2.3.2 Exercise induced shear: consequences for vascular health

during ageing and across genders
As discussed in the above sections prevalence of endothelial dysfunction and arterial
stiffness increase with age contributing to elevated CVD risk. Exercise has been
shown to prevent age related declines in endothelial function and to reverse
endothelial dysfunction (DeSouza et al., 2000). Sedentary younger adults have also
demonstrated improved endothelial function following exercise training interventions
(Goto et al., 2003, Rakobowchuk et al., 2008). However, not all exercise interventions
appear to be effective in improving endothelial function in younger populations
(Franke et al., 1998, Green et al., 1994). This may be due to preserved endothelial

function and/or a ceiling effect. Alternatively, a greater exercise stimulus maybe
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required in younger populations to illicit improvements which may range from intensity

or volume of exercise to whether a large or small muscle mass is recruited.

2.3.2.1 Endothelial dysfunction is modified by exercise induced

haemodynamics
The role of exercise in the prevention and reversal of endothelial dysfunction has
been demonstrated in young, older and patient populations. DeSouza et al. (2000)
used strain gauge phlethysmography to examine forearm blood flow and forearm
vascular conductance in response to acetylcholine in 68 males throughout the
lifespan. Older sedentary males (58 + 2 yr.) showed a 25% reduction in forearm blood
flow and vascular conductance compared to sedentary younger males (27 + 1 yr.)
(DeSouza et al., 2000) Figure 2.12. However, endurance trained older males (63 £ 2
yr.) showed comparable endothelium dependent vasodilation and forearm blood flow
to sedentary younger males (DeSouza et al., 2000). Middle aged and older males
who regularly undertook aerobic exercise had greater acetylcholine mediated
vasodilation compared to age matched sedentary counterparts (DeSouza et al.,
2000). It appears regular aerobic exercise training prevents age related loss of
endothelium dependent dilation in sedentary and older males (DeSouza et al., 2000).
The changes in vasodilatory capacity were independent of changes in body
composition and VOzmax suggesting a primary effect of exercise upon endothelial
function (DeSouza et al., 2000). The prevention in age related decline in endothelial
function was also demonstrated by Grace et al. (2015) where lifelong sedentary males
(n=22, 62.7 + 5.2 yr.) were compared to lifelong male exercisers (n=17, 61.1 + 5.4
yr.). FMD was lower in sedentary males compared to age matched lifelong exercisers

(3.4 +1.5% v 5.4 + 1.4%).
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Figure 2.12. Endothelial function, as assessed via forearm blood flow responses to
increasing doses of acetylcholine, is impaired in older sedentary males compared to
younger sedentary males. However, older endurance trained males have comparable
endothelial function to young endurance trained males suggesting exercise prevents age
related declines in endothelial function. Exercise training improves endothelial function in
older sedentary males with previously impaired endothelial function. (DeSouza et al., 2000)

As discussed earlier patterns of shear change with age at rest (section). However,
older trained adults showed no differences in SR patterns within the brachial artery
compared to younger sedentary adults (Casey et al., 2016). Furthermore, common
femoral artery retrograde SR and OSI were reduced in older trained compared to
older untrained adults and were similar to younger participants (Casey et al., 2016).
It appears that lifelong exercise training prevents age related increases in retrograde
SR and OSI which likely contributes to the preservation of endothelial function in this
population. Padilla et al. (2011b) demonstrated age-related increases in resting
retrograde and oscillatory SR in older compared to a younger population. However,
this difference was abolished at the onset of steady-state exercise in that there were

no longer differences in retrograde and oscillatory SR between the younger and older

groups (Padilla et al., 2011b).

Grace et al. (2015) demonstrated the role of exercise in reversing endothelial
dysfunction when the sedentary older males underwent 6 weeks of aerobic exercise
training at 55-65% HRR which improved FMD to 4.9 £+ 1.1%. Previously, DeSouza et
al. (2000) also showed this effect in 13 older sedentary males (56 = 2 yr.) who
completed 3 months of aerobic exercise training (72% HRmax) resulting in a 30%

increase in acetylcholine mediated vasodilation from baseline and was comparable
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to young adults and endurance trained older males. The reversal of endothelial
dysfunction with exercise has also been shown in females. 11 post-menopausal
women (59 + 5 yr.) underwent 8 weeks of exercise training on 3 days per week at
60% -75% HRmax (Akazawa et al., 2012). Brachial FMD increased significantly in the
exercise group but there was no difference in the age matched controls (n=10, 64 +
6 yr.) (Akazawa et al., 2012). Important sex differences have been observed in the
literature in regards to changes in endothelial function with exercise training. Whilst
male lifelong exercisers have been shown to have preserved endothelial function
(DeSouza et al., 2000), Santos-Parker et al. (2017) showed that lifelong exercise in
females was not protective against age/menopausal associated decline in vascular
function. 12 premenopausal sedentary (24 + 1 yr.), 25 sedentary post-menopausal
women (62 + 1 yr.) and 16 active post-menopausal women (59 + 1 yr.) were assessed
for forearm blood flow to indicate microvascular function and FMD to indicate
macrovascular function (Santos-Parker et al., 2017). Forearm blood flow was lower
in post-menopausal than younger females irrespective of activity status and brachial
FMD was 34% and 45% lower in sedentary and active post-menopausal women
respectively than younger females (Santos-Parker et al., 2017). Interestingly active
post-menopausal women had lower circulating levels of c-reactive protein and
oxidised LDLs suggesting a favourable CVD risk profile however these factors were

not correlated with forearm blood flow or FMD (Santos-Parker et al., 2017).

As discussed in detail previously, (sections 2.2.1.2 and 2.2.1.3) ageing disrupts the
balance between vasodilators and vasoconstrictors to favour vasoconstriction and
thus endothelial dysfunction. In older sedentary males (66 + 2 yr., n=8) ET-1 plasma
concentrations were higher than young sedentary males (23 + 1 yr., n=8) and older
endurance trained males (62 £ 2 yr., n=8) (Nyberg et al., 2013). Indeed, plasma ET-

1 levels in endurance trained older males (1.93 = 0.27 pg/ml) were comparable with
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young sedentary males (1.86 + 0.32 pg/ml), demonstrating the role of lifelong exercise
in preventing age-related decline in endothelial function (Nyberg et al., 2013).
Furthermore, hypertensive individuals (47+1 yr., n=10) demonstrated elevated
plasma ET-1 levels (2.67 + 0.37 pg/ml) compared to normotensive individuals (46 +
1 yr., n=11) (1.59 £ 0.21 pg/ml) which was reduced following 8 weeks of walking
exercise to levels similar to normotensive individuals (1.54 + 0.21 pg/ml) (Nyberg et
al., 2013). Moreover, Maeda et al. (2003) demonstrated significantly reduced blood
pressure and plasma ET-1 concentrations (2.9 reduced to 2.2 pg/ml) in older, post-
menopausal women following 3 months of cycling training (30 min at 80% ventilatory
threshold). Reductions in ET-1 following exercise training have been associated with
significant improvements in arterial compliance accompanied by significant

reductions in systolic BP and PP (Maeda et al., 2009).

2.3.2.2 Arterial stiffness is improved with exercise

Animal studies have provided evidence that aerobic exercise training is capable of
modifying markers of arterial stiffness. Matsuda et al. (1993) exercised 16 young male
rats for 16 weeks to assess the effect of exercise upon aortic stiffness and structure.
Following exercise training there was an increase in elastin content and a decrease
in calcium content within elastin fibres of the aortic wall which was associated with
increased aortic distensibility (Matsuda et al., 1993). Additionally, aortic incremental
elastic modulus decreased significantly which was positively related to elastin calcium
content in the aortic wall (Matsuda et al., 1993). It was therefore concluded that
physical exercise from an early age decreased calcium deposition in aortic wall elastin
producing a distensible aorta thus reducing stiffness (Matsuda et al., 1993). The
mechanism for exercise induced changes in arterial structure may be due to a
reduction in AGEs which have been shown to be responsible for cross linking of

collagen fibres (Bailey, 2001). This was demonstrated by Boor et al. (2009) who
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separated obese rats into a running (n=8) or a sedentary (n=8) group for 10 weeks of
exercise training. Following the exercise training intervention there was a significant

reduction in AGEs within the plasma of the exercise trained rats (Boor et al., 2009).

The effect of ageing and lifelong exercise training upon arterial stiffness in humans
was investigated by Tanaka et al. (2000) where central arterial compliance of the
common carotid artery was measured via ultrasound and applanation tonometry in
young (18-37 yr.), middle (38-57 yr.) and older (58-77 yr.) males. Central arterial
compliance was lower in the middle and older aged males compared to the younger
males. There were no differences in arterial compliance between sedentary and
recreationally active males in any of the age groups, however arterial compliance in
endurance trained middle and older age males was 20% and 35% higher than in the
less active groups. It therefore appears that age related differences in central arterial
compliance are smaller in endurance trained males compared to sedentary and
recreationally active males. 20 older sedentary males (53 * 2 yr.) were subsequently
recruited to a 3-month aerobic exercise intervention. Following the exercise
intervention there was an increase in central arterial compliance of 25% which was
equivalent to central arterial compliance in older endurance trained males; this was
accompanied by a 20% reduction in B-Stiffness index in the exercise trained males
(Tanaka et al., 2000). Green et al. (2010b) assessed wall thickness and remodelling
in the popliteal and brachial arteries of 15 young and 16 older sedentary human male
and females participants. Wall thickness was higher in the popliteal compared to the
brachial artery of both groups although there was no difference in wall thickness
between the age groups (Green et al., 2010b). The only observed ageing effect was
apparent in increasing luminal diameter in older participants resulting in a reduced
wall: lumen ratio (Green et al., 2010b). The older group then underwent 24 weeks of

exercise training (30 min cycling or walking at 30% HRR) resulting in reduced wall
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thickness in popliteal and brachial arteries and wall: lumen ratio with no gender effects
(Green et al., 2010b). The increased vessel calibre is likely due to changes in ratio of
collagen to elastin fibres in favour of greater production of elastin (Shimada et al.,
2011). The vessel is therefore better able to accommodate changes in pulsatile
pressure and shear stress without requiring high productions of NO to induce

vasodilation (Prior et al., 2003).

2.3.2.3 MicroRNA expression changes as a result of exercise

Research regarding the effect of exercise upon miR expression is still in its early
stages. A recent review showed only 30 studies have currently been published in
regards to acute and chronic effects of both aerobic and resistance exercise upon
circulating miRs (Sapp et al., 2017). However, designing exercise interventions to
combat these pathologies at the epigenetic level (particularly miRs) is complex. Whilst
some miRs may have individual genes which they target, these targets are often
members of multiple pathways (Boon et al., 2012). Therefore, the regulation of the
individual target gene may show only minor changes whilst the overall change on that
particular pathway may in fact be profound (Boon et al., 2012). However, interest

within this area is starting to garner further interest.

Bye et al. (2013) investigated the relationship between aerobic fithess and circulating
levels of microRNA. After screening 720 miRs from serum samples of healthy males
and females aged 40-45 years, 50 miRs were successfully assessed in 80% of the
samples, with 7 miRs showing significant differences between those with a high
VO2max and those with a low VO,max (Bye et al., 2013). Participants with a low VOzmax
(reported as 104.2 ml/kg®"/min) showed higher serum levels of miR-210 and miR-
125a and lower levels of miR-652 compared to participants with a high VO2max (151.2
ml/kg®"®/min) (Bye et al., 2013). MiR-222 was also shown to be 20% higher in
participants with a low VO2max (Bye et al., 2013). Of the seven circulating miRs, three
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were concluded to be promising biomarkers of cardiovascular health related to fithess
(miRs-210,-21,-222). These microRNA all have regulatory roles within endothelial
cells including angiogenesis and vascular smooth muscle cell proliferation (Bye et al.,
2013). Of these three miRs only miR-21, involved in inflammation and apoptosis in
the endothelium, has been reported to be affected by shear stress (Zhou et al., 2011,

Weber et al., 2010) and can be detected in the circulation (Baggish et al., 2011).

Typically, research investigating the effect of shear stress upon miR-21 regulation
have been conducted in vitro. However, exercise studies have conducted in vivo
research into the effect of exercise upon microRNA and have found miR-21 to be
highly expressed within the circulation (Baggish et al., 2011). The ability to detect
miR-21 in plasma allowed Baggish et al. (2011) to assess the effect of acute versus
chronic exercise upon circulating miR-21. Blood samples were taken pre and
immediately post an acute bout of maximal cycling exercise which was repeated
following 90 days of chronic rowing training in healthy males (Baggish et al., 2011).
Prior to exercise training miR-21 was shown to be upregulated 1.89 fold following
acute maximal exercise (Baggish et al., 2011). After the exercise training period the
resting miR-21 level was elevated 2.63 fold compared with the pre training levels with
no further acute effect of maximal exercise following the training period (Baggish et
al., 2011), possibly due to a threshold of expression being reached. The study
concluded that miR-21 was responsive to acute exercise before but not after exercise

training (Baggish et al., 2011).

Kilian et al. (2016) further examined the effect of acute exercise upon miR-21
expression within the circulation of healthy young male cyclists (14 + 1 yr.)
Participants completed a 4 by 4 min IT session and low intensity high volume session
on separate days. Circulating miR-21 expression was significantly higher 30-minute

post exercise following high volume exercise compared to IT (Kilian et al., 2016).
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Compared to pre-exercise, miR-21 expression was significantly reduced 30 minutes
following IT exercise (Kilian et al., 2016). Xu et al. (2016) also explored miR-21
expression following acute exercise. Congestive heart failure patients (n=28, age
59+2 yr.) underwent a maximal cycle exercise test with blood sampled before and
immediately after exercise. In contrast to other studies, circulating miR-21 was
significantly upregulated immediately following acute maximal exercise (Xu et al.,

2016).

In contrast, circulating miR-21 was shown to be unaffected immediately and 24 hours
after acute exercise where a single marathon was used as the exercise stimulus
(Mooren et al., 2014). Furthermore, Nielsen et al. (2014) examined plasma miRs in
response to acute aerobic exercise and endurance training. Healthy males (28 + 8
yr.) completed 60-minute acute cycling at 65% peak power, participants carried on
with this exercise 5 times per week for 12 weeks. Blood samples were collected
immediately prior to the acute exercise bout then immediately, 1 hour and 3 hours’
post exercise, with a final sample collected following the 12 weeks of training (Nielsen
et al., 2014). Following global miR screening, miR-21 expression did not appear to be
affected by acute exercise at any time point following the exercise (Nielsen et al.,
2014). However, following 12 weeks of cycle training, miR-21 expression was

significantly downregulated (Nielsen et al., 2014).

Currently, large amounts of conflicting research surround the role of miR-21 within
the endothelium and how exercise, and exercise-induced shear in particular, can alter
its expression. The lack of consensus in the studies described in this section is likely
due to the dual role of miR-21 as described earlier (section 2.1.5.2). Therefore, the
exercise used to assess miR-21 expression may induce either greater volumes of
oscillatory or laminar shear, which was not measured in the aforementioned studies,

which may differentially regulate miR-21 expression. Furthermore, the exercise
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literature has not studied how type and intensity of exercise may differentially affect
miR-21 thus providing an explanation for the disparate findings cited here. However,
the ability to detect miR-21 in the circulation in vivo may allow the effects of differing
exercise protocols, IT vs. CON (assessing intensity and pattern of the exercise) upon

miR-21 and therefore the effect upon the endothelium to be delineated.

2.4 Summary

In summary, CVD remains a leading cause of morbidity and mortality. Traditional CVD
risk factors do not fully account for CVD risk, endothelial function and arterial stiffness
thought to account for the remainder of this risk. This is likely due to the role of
endothelial dysfunction as an initial step in atherosclerosis development. Ageing
increases CVD risk and has been shown to increase endothelial dysfunction and
arterial stiffness prevalence. There may also be an important role for ageing in altering
epigenetic factors, such as microRNA which regulate endothelial cell phenotype.
Females have a reduced CVD risk prior to the menopause, compared to age matched
males, due to the role of oestrogen in contributing to anti-atherogenic effects.
Following the menopause, the decline is CVD health in females is accelerated with

post-menopausal females at an equal CVD risk to age matched males.

Haemodynamics, i.e. shear stress are important regulators of endothelial function,
arterial stiffness and microRNAs within endothelial cells. Shear stress can be divided
into laminar or oscillatory shear, which are responsible for inducing either an anti-
atherogenic or pro-atherogenic endothelial cell phenotype respectively. Exercise
improves endothelial function, arterial stiffness and appears to alter circulating
microRNA-21 expression. These improvements are likely as a result of increased

blood flow and therefore increased shear stress with exercise onset. However, the
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type and intensity of exercise have integral roles in endothelial adaptations which may

be attributed to the type of shear stress the exercise induces.

Interval exercise has been suggested to be more or at least equally effective in
improving endothelial function compared to traditional continuous exercise. However,
the pattern of shear stress during continuous and interval exercise has not been
characterised. The repeated work and recovery bouts which are characteristic of
interval exercise have the potential alter pattern of blood flow and perhaps induce a
more oscillatory shear stress pattern compared to continuous exercise. Therefore,
the differential effect of interval versus continuous exercise and the resultant effect
upon markers of vascular health both acutely and chronically has not been delineated.
This is important to allow determination of exercise-induced mechanisms responsible
for changes in vascular health in order to determine the most effective exercise

interventions for prevention or reversal of CVD.

2.5 Thesis Aims

The aims of this thesis are:

I.  To characterise in-exercise shear rate during intensity and duration matched
interval and continuous exercise and assess the acute effect upon endothelial
function and biomarkers of endothelial cell phenotype in a young healthy
population.

Il.  To determine the effect of 4 weeks of either interval versus continuous upon
in-exercise shear rate profiles upon acute and chronic vascular health in

samples of differing age and gender.
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Chapter 3 General Methods

3.1 Ethics

Ethical approval was sought for all studies within this thesis from the University Of
Leeds Faculty Of Biological Sciences Ethical Committee in accordance with the
Declaration of Helsinki. Upon response to recruitment materials participants were
provided with participant information sheets. Participants were given a minimum of

48 hours to decide whether to participate and were encouraged to ask questions.

3.2 Participant Recruitment and Health Screening

Participants for all studies were recruited via poster advertisements distributed
throughout the local vicinity in addition to University wide email advertisements and
an advertisement in a local community magazine. Upon response to recruitment
materials, participants were screened in accordance with standard laboratory
procedures. Exclusion criteria included pregnancy, current or historical
cardiovascular, pulmonary and metabolic diseases, smoking, musculoskeletal
impairment or injuries which may affect their ability to complete the prescribed
exercise and any other contraindications to exercise. Additionally, participants were
free of prescribed medications, e.g. hormonal contraceptive pills. Further specific

criteria pertaining to individual studies are outlined in the relevant chapters.

Participants then visited the laboratory for health screening where they provided
written informed consent and completed a physical activity health questionnaire. A
resting 12-lead ECG and three supine blood pressures in addition to height and
weight were also recorded at this visit. Information from this health screening session
was then checked by a cardiologist before participants were cleared to continue with

the exercise studies. Participants who presented with ECG abnormalities or blood
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pressure that consistently exceeded 140/90 mmHg were provided with a letter
containing the information recorded at the health screening and were strongly
advised to follow up with their GP. Until written permission was received from the GP

stating that they were eligible to take part, participants were excluded.

3.3 Experimental Procedures — overview of all studies

Specific experimental procedures for individual studies are detailed within the
relevant chapter. Briefly, all visits took place in temperature and light controlled
exercise physiology laboratories at the University of Leeds. Prior to all testing
sessions, participants were required to abstain from exercise and alcohol in the 24
hours before testing. Before all vascular assessments participants were required to
abstain from food and caffeine for >6 hours. Before assessment of cardio-respiratory

fitness, participants abstained from food and caffeine for >2 hours.

3.4 Anthropometric Measures (BMI)

At the initial health screening visit all participants were assessed for height and weight
to determine BMI. Height was measured to the nearest 0.5 cm using a stadiometer.
Body mass was measured to the nearest 0.1 kg using automatic calibrated scales.

BMI was subsequently calculated using the following equation:

Body mass (kg)
Height? (m)

BMI (kg/m2) =

Equation 3

3.5 Assessment of cardiorespiratory fitness

3.5.1 Ramp incremental exercise test (RIT)
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All participants completed ramp incremental exercise tests to non-invasively
determine peak oxygen uptake (VOgzea), heart rate peak (HRpea) and lactate
threshold (LT). Determination of these parameters enabled exercise-mediated
changes in cardiorespiratory fitness following the exercise intervention in Chapter 5
whilst also providing the work rates required during the exercise sessions in Chapters

4 and 5.

Tests were completed on an electronically braked, semi-recumbent cycle ergometer
(LODE Angio, Lode BV, Groningen, Netherlands). The ergometer was adjusted prior
to testing to ensure both optimal knee extension and participant comfort. The breath
by breath system (MedGraphics D-Series, Medical Graphics Corporation, St Paul,
MN, USA) was calibrated for flow across a known volume (3 L) and known oxygen
and carbon dioxide concentrations (21% O.: 0% CO: and 12% O: 5% COy).
Participants were familiarised with the procedure, the equipment and the researchers
before a 12-lead ECG was attached. Participants’ feet were strapped into the
ergometer pedals. A mouthpiece and nose-clip were subsequently fitted to allow

breath by breath data collection.

Testing began with a period of rest (=2 min) on the cycle ergometer before continuing
into a warm up at 10 W (equivalent of unloaded pedalling) for 23 min at a cadence of
50-60 rpm. The exercise ECG was monitored continuously throughout the RIT to
check for abnormalities which may require premature test termination. The RIT
portion of the test began when RER reached a steady state of 0.7-0.9 and VO, was
stable. The rate of the increment varied depending on the population with the
intention that the incremental phase of the test lasted 8-12 min thus allowing accurate
determination of LT. Participants were required to maintain a cadence =50 rpm
throughout the test until volitional fatigue. Volitional fatigue was determined when a

cadence >50 rpm could no longer be maintained despite strong verbal
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encouragement. Participants then entered an active recovery period conducted at 10

W for 24 min until gas exchange and heart rate returned towards baseline.

3.5.2 Determination of VOgzpeak and LT
Breath by breath and heart rate data were exported to Origin Lab software (OriginPro
V. 7.5) for analysis. HReak Was determined as the highest heart rate achieved during

the RIT from the 12-lead ECG. Work rate peak from the end of the RIT was calculated

as follows:

RIT duration (s)

WRpeak (W) = 0

x ramp rate + 10

Equation 4
where 10 is the resistance (in Watts) at warm up.
For determination of VO2peak raw breath by breath data were checked for erroneous
breaths which were removed if they were outside of 99% confidence limits (i.e. 4
standard deviations away from the mean). Eight-point rolling averages of 12 breaths
from the end of the RIT were used to determine VO2peak. The highest VO, value
was selected and defined as absolute VOzpeak (Lmint). Relative VOazpeak (mMl/kg/min)

was calculated by dividing absolute VOzpeak by body mass (kg).

LT was estimated non-invasively using the V-slope method whereby VCO;
production increased at a greater rate than VO, utilisation (Wasserman, 1999). This
was reflected on a graph of VO, versus VCO; where a point of inflection on the curve
represents the LT, as can be seen in Figure 3.1 (Wasserman, 1999). To ensure
greater reliability, LT was also confirmed using graphs of VO, versus PerO, and VO,

versus Ve/ VO, respectively. This procedure was conducted by at least 2 researchers
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to ensure estimations of LT were within normal breath by breath variability (200 ml),

the average of these values was then defined as LT.
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Figure 3.1 The 4 graphs which enabled the V-slope method to non-invasively determine
LT (blue line) and respiratory compensation (red line) through breath by breath gas
exchange.

3.6 Assessment of brachial artery endothelial function
3.6.1 Participant Preparation
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To ensure the accuracy of flow mediated dilatation (FMD) and to be certain that
changes in arterial diameter are dependent upon improvements in NO bioavailability
only, participant preparation is an important consideration. Smoking is known to
attenuate FMD as well as being a risk factor for CVD; participants who were current
smokers were excluded from all studies as a result of this increased CVD risk.
Participants were also required to abstain from food and caffeine for >6 hours prior
to FMD assessment, in addition to refraining from strenuous exercise in the preceding
24 hours. The inclusion of females in the studies described in this thesis was
important; however, the menstrual cycle has been shown to increase eNOS activity
and antioxidant capacity. Therefore, for all premenopausal women all FMD measures
were endeavoured to be tested within the same phase of the menstrual cycle. Ideally,
previous literature has reported that the optimum time for measurement of FMD is
days 1-7 of the menstrual cycle to minimise the impact of hormonal changes
(Thijssen et al., 2011), however practically this was not always possible within the

current studies in this thesis.

3.6.2 Ultrasound Technology for FMD

Accurate measurement of FMD is dependent upon specialised ultrasound equipment
which is capable of detecting small changes in arterial diameter. A 10 MHz linear
probe (9L) was used to obtain a high-resolution B-mode image at a depth of 3-4 cm
(dependent upon individual participants). Additionally, Doppler blood velocity was
acquired through Duplex mode on a Vivid E9 (GE Healthcare, Milwaukee, WI, USA).
The optimum angle to intersect the vessel during B-mode imaging is at 90° however
in Doppler mode this would yield a blood velocity of virtually zero. Therefore, an angle
of insonation of <60° is widely accepted as the greatest compromise to achieve an
acceptable vessel image and a reduced level of error when measuring blood velocity.

During all FMD procedures in this thesis the angle of insonation was constantly set
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at 60° and the angle steer of the ultrasound beam altered in order to obtain the most

accurate data with the lowest associated error.

3.6.3 Brachial FMD Procedure

Participants entered the laboratory following the preparation detailed in 3.6.1.
Participants then completed >10 min semi-recumbent rest prior to any measures
being recorded. The right arm of the participant was extended away from the body
and supported under the shoulder and wrist. The ultrasound probe was used to image
the brachial artery in the lower third of the upper arm (proximal to the antecubital
fossa), with the probe subsequently clamped securely into place thus allowing micro
manual adjustments to optimise the B-mode image. The dynamic range and 2D gain
were also adjusted to ensure optimal image quality. The ultrasound was then
switched into Duplex mode to assess Doppler blood velocity. The angle steer was
adjusted so the angle of insonation could remain at 60° (described in 3.6.2) and the
sample volume altered to encompass all blood flow through the artery including the
lower velocity flow at the arterial wall. The scale of the blood velocity trace was also
adjusted to ensure that the increase in blood velocity as a result of reactive
hyperaemia was measured. A baseline recording was then taken at 15 frames per
second (fps) for 20 seconds on the Vivid ultrasound which was live streamed through
Vascular Imager software (Vascular Imager; Medical Imaging Applications,

Coralville, IA, USA) and recorded.

A blood pressure cuff was then placed on the forearm (distal to the probe) and rapidly
inflated to supra-systolic pressure (>200 mmHg) for a period of 5 minutes, the
ultrasound probe remained in its original position throughout this time. The blood
pressure cuff occluded blood flow to the forearm causing a period of downstream

ischemia. At 4 min 30 s into the occlusion period, recording started and lasted for 180
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s consecutively at 15 fps using Vascular Imager. At 5 min of occlusion the blood
pressure cuff was rapidly deflated inducing a reactive hyperaemia. Once recording
was completed the placement of the ultrasound probe was measured relative the
medial epicondyle using a standard tape measure. As further ultrasound
measurements were recorded within the same sessions, a permanent pen was used

to mark the probe position on the upper arm. The set up used for assessment of

brachial artery FMD can be seen in Figure 3.2.

Figure 3.2 Assessment of brachial artery FMD.

3.6.4 Analysis of brachial artery diameter
Analysis of arterial diameter was conducted offline using automated edge-detection

software, as shown in Figure 3.3 (Brachial Tools V5; Medical Imaging Applications,
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Coralville, IA, USA). In both the resting and FMD recordings a region of interest was
selected where both the media of near and far vessel walls were clearly
distinguished. Frames were removed from the analysis if a confidence interval of 70%
was not met. Resting diameter was calculated as an average from all frames during
the 20 s recording period using Microsoft Excel. Peak diameter was determined as
the greatest diameter from a 3-frame rolling average of diameters recorded post cuff

release. Absolute and relative FMD were subsequently calculated as follows:

Absolute FMD (mm) = Peak diameter — Resting diameter

Equation 5

) Peak diameter — Resting diameter
Realtive FMD (%) = Resting diameter x 100

Equation 6

Time to reach peak diameter was determined as the time (seconds) from cuff

deflation to the time where the greatest diameter occurred.
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Figure 3.3 Brachial tools was used for analysis of resting diameter and FMD. A region
of interest (green box) was selected and the software used semi-automated edge
detection to assess the distance between the near and far walls (pink lines) to
deteermine brachial artery diameter t rest and following cuff deflation. A region of
interest was also drawn over the Doppler blood flow velocity trace and the forard flow
waveforms detected.

3.6.5 Doppler blood flow velocity analysis

Blood velocity following cuff occlusion was measured directly using Brachial Tools.
The horizontal (time) and vertical (velocity) axes of the Doppler graph were calibrated
prior to analysis with a region of interest used to select the blood flow profile to be
measured. The Doppler trace was then automatically analysed across all cardiac
cycles in conjunction with vessel diameter to provide mean blood flow velocity using

the Doppler shift equation as follows:

doppler frequency x 1540

mean blood flow velocity (m/s) = (2% 5000) x cos 6

Equation 7
Where 1540 m/s is the average velocity of sound in a tissue, 5000 is the transmitted

frequency and 8 is the angle of insonation.
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Peak hyperaemia was determined as the highest mean blood flow velocity in the
initial 10 s period following cuff deflation. Mean blood flow velocity was used to

calculate peak shear rate using the equation:

8 blood velocit
Peak Shear Rate (s™1) = x mean blood velocity (m/s)

Baseline diameter (mm)

Equation 8
A factor of 8 was used in the above equation as the sample volume incorporated all

of the blood flow through the vessel as described in 1.6.3. In addition to mean blood
flow velocity, Brachial Tools also calculated the velocity time integral (VTI)

automatically using the trapezium rule:

V1i+V2
VTI (cm) = — xt

Equation 9
Where V1 and V2 are net velocities and t is the difference in time between the two

velocities.

3.6.6 Reliability and validity of endothelial function assessment

FMD is a widely-used procedure to assess NO dependent endothelial function most
commonly within the brachial artery, however whilst it is frequently utilised within
research it is still not used as a clinical tool to identify and stratify CVD risk. This is
despite the strong relationship between the endothelium and atherosclerotic lesion
development in addition to the association between endothelial dysfunction and
cardiovascular events (Lerman and Zeiher, 2005). Indeed, there is current literature
which suggests that endothelial function as measured by FMD provides important
prognostic information of CVD risk that traditional risk factors cannot solely account
for (Lerman and Zeiher, 2005). This is perhaps due to brachial artery FMD showing

a strong positive correlation with coronary artery function (Takase et al., 1998).
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Additionally, Green et al. (2011) reported that a 1% improvement in FMD was
associated with a 13% reduction in risk from the occurrence of a cardiovascular

event.

Although NO is not directly measured during FMD, previous literature has shown that
the vasodilatation induced by the reactive hyperaemia during the FMD procedure is
predominantly NO dependent. This has been confirmed in studies where vasoactive
agents which upregulate NO production through activation of eNOS, such as
acetylcholine (Ach), have been administered in addition to an intra-arterial infusion of
N¢ — monomethyl-L-arginine (L-NMMA), a known NO inhibitor (Higashi and
Yoshizumi, 2003). Ach increased forearm blood flow, measured using strain gauge
plethysmography, and produced vasodilation which was then attenuated following

infusion of L-NMMA (Higashi and Yoshizumi, 2003).

To maximise the validity and reliability of FMD measures standardised procedures
have been published to ensure FMD is NO-mediated and the variation between
measurements is minimised. This is demonstrated by the importance of the
positioning of the blood pressure cuff when performing an FMD. Guidelines
recommend placing the cuff distal to the ultrasound probe (principally on the forearm
during brachial artery FMD). However, some studies have placed the cuff proximal
to the probe (Wislgff et al., 2007, Shechter et al., 2014) which may affect the volume
of endothelial vasodilation observed. Doshi et al. (2001) examined the effect upon
FMD when the cuff was placed in either proximal or distal to the ultrasound probe.
When the cuff was distal to the probe there was attenuation in FMD upon infusion of
L-NMMA however, when the cuff was proximal to the probe there was only partial
attenuation of FMD when L-NMMA was infused. Another important methodological
issue is the duration of blood pressure cuff inflation to induce ischemia. It is

recommended that 5 min is the optimal duration for cuff inflation as vasodilation via
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FMD is completely abolished when L-NMMA is infused. However, when the cuff was
inflated for 15 min, there was no effect upon FMD when L-NMMA was infused
suggesting that the mechanism for the observed vasodilatation was no longer NO-

dependent (Mullen et al., 2001).

The section of the brachial artery where the ultrasound probe is placed to measure
diameter can produce unreliable results when compared across multiple sessions.
This is due to brachial artery diameter narrowing towards the periphery; therefore, it
is important that the same section of artery is located and imaged when determining
FMD. Within this thesis, the section of skin where the ultrasound probe was placed
was marked using a permanent pen to maintain consistency within the same session.
To ensure the same site was imaged across different days a tape measure was used
to measure the distance from anatomical landmarks, in this case the medial
epicondyle, and the images recorded at previous sessions were also observed during
image optimisation. Edge detection software was utilised for the analysis of brachial
artery diameter during both FMD and in-exercise (In-Ex) sessions due to previous
recommendations stating that this software provides a valid measurement of arterial
diameter whilst minimising experimenter bias. Using the standardised procedures
described in this chapter which are consistent with recommendations from previous
literature, it is reasonable to assume that the FMD procedures utilised within this

thesis are producing NO dependent vasodilation.

An important factor which may affect the assessment of vasodilatation is
experimenter error due to the skill required in obtaining reproducible measurements
of arterial diameter. It is therefore imperative to assess intra-rater reliability across
different days to ensure reproducible FMD results are presented in this thesis. The
between — day reproducibility for 10 participants assessed by the same sonographer

on two separate days are reported in Table 3.1.
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Table 3.1 Between day reproducability for indicies of FMD and assocaited shear rate
data.

Absolute Coefficient of | Raw Values | Raw Values
Difference Variation (%) Time Point 1 | Time Point 2
Baseline 0.09 2.1 413 4.15
Diameter (mm)
Absolute FMD 0.01 9.2 0.28 0.27
(mm)
Relative FMD 0.37 9.0 6.79 6.41
(%)
Peak reactive 10.9 11.7 81.5 92.4
hyperaemia
(cm/s)
Peak shear rate 216.6 15.9 1646.0 1862.6
(s
Shear Rate 2030.0 17.9 40764.5 42794.5
AUCq
Shear Rate 4355.8 18.9 55787.9 60143.7
AUCg

3.7 In-exercise measures of Doppler blood velocity and

diameter

3.7.1 Procedure for assessment of in-ex diameter and blood

velocity
Participants reclined on the semi-recumbent cycle ergometer with their right arm
extended and supported as described in the FMD procedures (section 3.6), see
Figure 3.4. The same site of the upper arm was imaged with the 9L linear probe as
in the FMD recording to ensure the same section of the brachial artery was recorded.
The ultrasound was set up in Duplex mode with both the B-mode image and Doppler
blood flow velocity optimised as described previously (section 3.6.3). Recording

started during the 10 W warm up phase of the exercise session, 30 s prior to the work
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bout beginning. The Duplex images were recorded directly onto the Vivid ultrasound
at 9.1 fps. Ultrasound recording continued throughout the duration of the exercise
session in 4 min video loops with 30 s separating each loop. This was necessary due
to equipment limitation whereby the maximum length of time available for video

recording was dictated by the equipment and the length of time required for saving

the images. Recordings were ended following 21 min of recovery at 10 W.

Figure 3.4 Ultrasound was used to assess brachial artery diameeter and blood flow
velocity during cycling exercise on a semi recembent cycle ergometer. Heart rate and
VO, was also assessed at the same time via a 12-lead ECG and breath by breath gas
exchange system.

3.7.2 Data used to gain anterograde and retrograde and OSI
All in-exercise video loops were exported into EchoPac (GE Healthcare, Milwaukee,
WI, USA) where the videos were saved as Dicom files before being exported into

Brachial Tools for analysis of diameter and anterograde blood flow velocity (Figure
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3.5). Using the EchoPac software the Doppler velocity axis (y axis) for each video
loop was inverted and the file re-exported in Dicom format to allow determination of
retrograde blood flow velocity in Brachial Tools (Figure 3.6). A confidence limit of
70% around the near and far walls of the artery was applied to all frames, with frames
falling outside of this cut off excluded. Brachial diameter and blood flow velocity were
produced in a frame by frame format by Brachial Tools, which was converted into
second by second data (division of frame number by frame rate (fps)) for the
purposes of further analysis. The data was subsequently analysed in real time in

order to correspond to heart rate and VO: also collected during exercise.
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Figure 3.5 An in-exercise video recording analysed in Brachial Tools to determine
brachial artery diameter and anterograde blood flow velocity per frame.
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Figure 3.6 The Doppler blood flow velocity axis was subsequently inverted on the
ultrasound machine before being analysed in Brachial Tools to determine retrograde
blood flow velocity and shear rate.

Mean diameter of the brachial artery was calculated as a mean of one 4 min video
recorded throughout the exercise. Prior to this, diameter throughout the exercise
protocol was graphed second by second for each individual and visualised to ensure
that diameter did not increase/decrease as the exercise session progressed. It was
evident that brachial diameter did not demonstrate a trend for dilation/constriction
during exercise and that fluctuations in diameter were purely due to noise during the
recording process. Mean brachial artery diameter enabled determination of mean
cross sectional surface area (CSA calculated using mr?) which was required for

determination of volumetric flow:

Volumetric flow (ml/min) = (CSA x mean blood flow) x 60

Equation 10
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Anterograde and retrograde shear rate (SR) at each second were also calculated
from mean anterograde and retrograde blood flow velocities and mean brachial

diameter using the following equation:

mean blood flow velocit
Shear Rate (s 1) = f 4

brachial diameter

Equation 11
Oscillatory shear index (OSI) was subsequently calculated from anterograde and

retrograde SR using the following equation:

Retrograde shear
0SI (a.u.) =

(retrograde + anterograde shear)

Equation 12
OSl is a useful measure to identify whether blood flow within in the artery is primarily

laminar (0-0.5) or oscillatory (>0.5) (Padilla et al., 2010).

3.8 In-exercise blood pressure assessment

Attempts to measure blood pressure during exercise protocols was made. An
automated blood pressure cuff was attached to the opposite arm to which in-exercise
ultrasound scanning was conducted. However, due to excessive movement during
cycling the automated blood pressure cuff was unable to detect blood pressure. An
automated wrist blood pressure cuff was subsequently attempted. The cuff was
placed on the wrist of the opposite arm to which in-exercise ultrasound scanning was
conducted. However, once again the cuff was unable to detect blood pressure
following multiple attempts. A fingertip finometer was borrowed to assess its ability at
recording in-exercise blood pressure. A blood pressure cuff was attached to the
middle finger of the hand on the opposite side to the arm which in-exercise ultrasound

scanning was conducted. Whilst accurate blood pressure readings were obtained at
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rest, when compared with the automated blood pressure cuff on the upper arm, in-

exercise blood pressure readings were inaccurate and unreliable.

3.9 Assessment of chronic carotid artery stiffness

Participants were asked to abstain from exercise and alcohol in the 24 hours prior to
the lab visit plus food and caffeine in the 2 hours prior to the visit. Upon entering the
lab participants were required to rest in a supine position for 210 min before brachial
artery blood pressure was recorded. A 9L linear ultrasound probe was used to obtain
a 2D image of the right common carotid artery, proximal to the carotid bulb and
bifurcation. The 2D image was optimised to obtain clear images of the tunica media
and tunica intima of the near and far walls. Upon optimisation of the 2D image, three
20 s videos were recorded at 15 fps using Vascular Imager (Medical Imaging

Applications, Coralville, 1A, USA).

Video recordings of the carotid artery were analysed using automated edge detection
software which tracked the walls of the artery throughout the recordings (Carotid
Analyser; Medical Imaging Applications, Coralville, IA, USA) Figure 3.7. A region of
interest was drawn around the vessel incorporating both walls where the IMT borders
were most visible. The distance of the region of interest to the carotid bulb was
measured to ensure the same section of the artery was assessed across all
recordings and across the training intervention. The software automatically
determined carotid artery diameter in addition to intima-media thickness (IMT) of near
and far walls. Some frames required manual detection of both intima and media

borders for near and far walls.
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Figure 3.7 Carotid analyser used semi-automated wall tracking software to determine
carotid diameter, near and far wall IMT, in addition to automatically caluclating carotid
artery compliance and distensibility.

Measures of carotid artery distensibility and compliance were calculated within the
carotid analyser software from the diameters and brachial blood pressure, recorded
immediately prior to the carotid recordings. The equations used within the software

are shown below (Tounian et al., 2001):

_ _ . (Dmax — Dmin)
Diameter Distensibility (DD, %) = Diriin x 100%

Equation 13

o(5) - (P51

Cross — sectional distensibility (CSD, %) = Dmins? x 100%
min
”( 2 )

Equation 14
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(Dmax — Dmin)

Diameter Compliance (DC, mm/mmHg) = AP

Equation 15

)2 — m(
AP

Dmax

Dmin
2

m( )

Cross — sectional compliance 1 (CSC 1, mm?/mmHg) =

Equation 16

)? - n(==5)?

Dmin

Dmax Dmin

m(

Cross — sectional compliance 2 (CSC2,1/mmHg) =

m(

)2 x AP

Equation 17
Incremental elastic modulus (IEM, mmHg)

_ 3(1+ (m( [Dmin/2)] *2)/(m [(Dmin/2)] *2)
B )

Equation 18

Where Dmax is maximum carotid diameter, Dmin is minimum carotid diameter and P is
pulse pressure. Beta stiffness index was calculated outside of the software using the

following equation (Selzer et al., 2001):

SBP_  Dmax — Dmin
DBP)/ (

Beta Stiffness Index (a.u.) = In( Dmin

Equation 19

3.9.1 Reliability and validity of carotid artery stiffness assessment
Increased carotid artery intima media thickness (IMT) and reduced carotid artery
distensibility have previously been significantly associated with increased CVD risk
(Simons et al., 1999). Non-invasive assessment of carotid artery stiffness using
ultrasound and automated edge detection software has been shown to be a reliable
method for predicting CVD risk (Selzer et al., 2001). Ultrasound measurement of

carotid IMT has been used to identify asymptomatic individuals at an increased CVD
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risk as it appears to be an early precursor to atherosclerosis development prior to
any plaque in the artery wall being identifiable. Carotid IMT was also better able to
distinguish between high and low risk individuals who already had vascular diseases
or CVD risk factors (Simons et al.,, 1999). Additionally, reduced carotid artery
distensibility was linearly associated with increasing risk scores for CVD (Simons et
al., 1999). Following adjustment for CVD risk factors and carotid IMT a significant
association between the hazard ratios of arterial distensibility (1.19), stiffness indices
(1.14) and elastic moduli (1.13) and stroke (Yang et al., 2012) have been reported.
However, arterial compliance (1.02) did not appear to demonstrate this relationship

(Yang et al., 2012).

Validity of ultrasound for non-invasive assessment of carotid artery stiffness to
determine atherosclerotic development can be assessed when compared to invasive
measures such as coronary angiography. Alan et al. (2003) used coronary
angiography to divide participants into known CAD and a control group. Participants
with CAD were shown to have significant increases in IMT (0.82 £ 0.1, 0.57 £ 0.1, p
< 0.05) and stiffness index (0.25 + 0.9, 0.37 £ 0.1, p < 0.05), in addition to a significant
reduction in arterial distensibility (13 + 4, 8 + 3, p < 0.05) compared to the control
group (Alan et al., 2003). The study concluded that IMT, distensbility and stiffness
indices could be used as a cheaper and non-invasive alternative for the early

detection of CAD (Alan et al., 2003).

For this thesis the within day reproducibility for parameters collected during
assessment of carotid artery stiffness via B-mode ultrasound in 10 participants are
presented in Table 3.2. Coefficient of variation for IMT has been reported to vary
between 10-40% in previous studies (Bots et al., 2002), whilst between day
reproducibility for cross-sectional compliance and distensibility have been reported

as 11-14% and 13-17 % respectively (Gamble et al., 1994). With advances in

108



technology, coefficient of variation for these techniques assessing carotid artery
stiffness have improved. Additionally, as reproducibility was assessed within day by
the same sonographer for this thesis the values reported are low as would be

expected.

Table 3.2 Within day reproducibility for carotid artery stiffness variables measured
using ultrasound.

Absolute Coefficient of | Raw Values Raw Values
Difference | Variation (%) | Time Point 1 Time Point 2
Near wall IMT (mm) 0.02 18.6 0.61 0.58
Far wall IMT (mm) 0.01 26.7 0.54 0.52
Vessel Diameter 0.04 0.7 7.12 7.08
(mm)
B stiffness index 0.07 3.1 6.55 6.61
(a.u.)
Diameter 0.10 3.5 8.02 7.91
Distensibility (DD)
(%)
Diameter 0.0003 3.6 0.014 0.013
Compliance (DC)
(mm/mmHg)
Cross-sectional 0.003 3.6 0.150 0.146
compliance (CSC)
(mm?2/mmHg)
Incremental elastic 12.9 4.7 1586.8 1599.7
modulus (IEM)
(mmHg)

3.10 Plasma blood sampling

Venous blood samples were collected at the antecubital fossa into one 10 ml EDTA
treated vacutainer. The vacutainers were inverted 8-10 times as per the
manufacturers’ instructions and stored in a fridge for further processing. Samples
were processed within two hours of blood draw. The vacutainer was centrifuged using
a swing bucket centrifuge for 10 min at 3000 rpm (1900 x g) at 4°C to obtain plasma.
The plasma was then transferred into four 2 ml eppendorfs. Two eppendorfs

containing plasma were respun for 10 min at 16000 x g at 4°C in a fixed angle
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centrifuge to yield platelet free plasma (PFP), as recommended by the manufacturers
of the RNA extraction kit (Qiagen, Maryland, USA). The supernatant was then
aliquoted, removing the platelets, into new eppendorfs. All samples (both plasma and

PFP) were stored at -80°C until required for further analysis.

3.11 Assessment of microRNA-21

3.11.1 RNA extraction

Total RNA extraction was performed using a miRNeasy serum/plasma kit (Qiagen,
Maryland, USA). PFP samples were thawed on ice before 200 ul was removed and
lysed (1 ml Qiazol Lysis Reagent, Qiagen), 3.5 ul cel-miR-39 spike-in control was
also added. The addition of 200 ul chloroform plus centrifugation at 12,0009 for 15
min at 4°C resulted in the separation of the solution into aqueous and organic
phases. The upper agueous phase contained the extracted RNA which was then
bound to the membrane of mini spin columns. Contaminants were removed through
repeated washing with ethanol, buffer RWT and buffer RPE. Final centrifugation
produced a pellet of high quality RNA which was solubilised using RNase free water.

The extracted RNA samples were stored at -80°C for later analysis.

3.11.2 Reverse transcription and real-time quantitative PCR

The next stage required extracted total RNA to be converted into cDNA via reverse
transcription Figure 3.8. 2 pl of either miR-21 (000397) or control snRNA-U6
(001973) specific, stem-loop RT primer (TagMan Small RNA assays transcription kit,
Applied Biosciences, Foster City, USA) was added to 1.3 pl of extracted RNA sample
and 6.67 pl master mix (containing nucleotides to create the complementary strand,
a buffer for pH maintenance, RNAse inhibitor to protect RNA breakdown and the
multiscribe RT which initiates the reverse transcription process). This facilitates the

extension of the primer on the sample RNA and the synthesis of the first cDNA strand
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during repeated heating cycles (30 min at 16°C, 30 min at 42°C, 5 min at 85°C) to

anneal the nucleotides (Figure 3.8).

Amplification of the cDNA was achieved through the use of fluorescently labelled
Tagman primers and probes (Figure 3.8). A second Tagman master mix was added
to the fluorescent primers for miR-21 or SnRNA-UG6; 18 pl of this mixture was added
to a PCR specific plate with 2 pl of the cDNA samples from the reverse transcription
step. All samples were tested in triplicate to assess reliability. The plate was then
transferred to the Applied Biosystems 7500 Real-Time PCR System whereupon it
underwent thermal cycling (2 min at 50°C, 10 min at 95°C to activate the enzymes,
50 cycles of 15 s at 95°C and 60 s at 60°C to denature then anneal and extend the
cDNA). The PCR process consists of multiple cycles of heating to anneal the probes
in order to extend the primers on the cDNA before synthesising a second cDNA
strand (Figure 3.8). This process continues through polymerisation and strand
displacement. The complementary pairing between the probe and the cDNA results

in an increase in the fluorescence signal and is then further amplified during PCR.
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Figure 3.8 The process of quantification of reverse transcription and real-time PCR to
determine miR expression within a sample (reproduced from Chen et al. (2005)).

3.11.3 MiR-21 data Analysis

The output file from the plate reader was loaded into 7500 software (Life
Technologies V 2.0.1). This programme allowed for cycle threshold (Ct) values to be
manually adjusted for both miR-21 and U6. The Ct value was selected from
determination of the linear part of the curves for miR-21 and U6 respectively, with the
same Ct value selected for both miR-21 and U6, see Figure 3.9. The Ct values for
miR-21 and U6 were exported into Excel whereupon the difference between the Ct
for miR-21 and U6 for each sample was calculated (ACt). As samples were tested in
triplicate any outliers due to inaccurate pipetting were removed from further analysis
at this stage. Results for miR-21 were then reported as a percentage of the control

(U6 in this case).
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Figure 3.9 The 7500 software was used to determine the Ct of miR-21 and the selected
housekeeping gene (either U6 or cel-miR-39). This allowed miR-21 expression relative
to the housekeeping gene to be reported.

3.12 Overview of Statistical Analysis

All analysis within this thesis was carried out using a standard statistical software
package (SPSS Statistics V.21, IBM Corporation, Somers, NY, USA). Data were
tested for normality using the Shapiro-Wilk test. If data were skewed, variables were
log transformed allowing standard parametric tests to be undertaken. If log
transformation did not alter the skew of the variable non-parametric tests were
conducted. Data are reported throughout the thesis as Mean + Standard deviation
(SD) and alpha accepted as p < 0.05. The statistics utilised in each study are detailed

in the relevant chapters.
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Chapter 4 Novel characterisation of in-exercise vascular shear
rate during acute continuous and interval exercise:
Mechanisms for changes in endothelial function

Aspects from this Chapter were presented at the following conferences:

o University of Leeds Postgraduate Symposium 2015 — Poster Presentation
(Awarded runner — up Prize)

e University of Leeds Postgraduate Symposium 2016 — Poster Presentation

¢ Northern Vascular Biology Forum December 2015 — Poster Presentation

e American College of Sports Medicine Annual Meeting June 2016 — Poster
Presentation (Awarded the International Student Scholarship Prize)

e University of Leeds and LABioMed international research collaboration
Symposium October 2016 — Oral Presentation

4.1 Introduction

Endothelial cell phenotype and thus endothelial function is regulated by endothelial
wall shear stress (Davies, 2009). Laminar shear promotes an anti-atherogenic EC
phenotype through increased production of NO, the mechanisms of which are
detailed in section 2.1.3 (Davies, 2009). However, ECs exposed to oscillatory shear
demonstrate upregulation of inflammatory factors, oxidative enzymes and
vasoconstrictors, associated with endothelial dysfunction and a pro-atherogenic
endothelial cell phenotype (Chatzizisis et al., 2007b). It is therefore apparent, that
interventions which alter shear stress profiles will result in changes to NO

bioavailability, endothelial function and vasomotor function.

Exercise induced shear stress improves endothelial function (Green et al., 2004).
Effects of exercise interventions upon endothelial function have been widely
investigated whilst the effects of exercise upon shear stress, the stimulus for changes
in endothelial function, require further exploration. Previous studies have found an
association between lower limb exercise and increases in SR in upstream conduit
arteries, such as the brachial artery (Simmons et al., 2011, Green et al., 2002a, Green
et al., 2002b, Green et al., 2005, Thijssen et al., 2009a, Tanaka et al., 2006). Padilla
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et al. (2011a) suggested that SR induced by lower limb exercise may stimulate
endothelial adaptations in non-exercising conduit arteries and thus provide a systemic

effect.

4.1.1 Type and intensity of exercise affects exercise induced

shear rate and resultant endothelial function
Acute and chronic continuous (CON) type exercise has been seen to improve
endothelial function in both healthy and patient populations (Currie et al., 2012, Goto
et al., 2003, Hambrecht et al., 2000, Kemi et al., 2005, Rakobowchuk et al., 2008,
Swift et al., 2012). Interval (IT) exercise is now becoming a popular alternative to CON
exercise although conflicting results of its effect upon endothelial function have been
reported. Compared to CON, acute (Currie et al., 2012) and chronic (Rakobowchuk
et al., 2008, Tjgnna et al., 2008) IT produces equivalent or superior improvements in
endothelial function in some studies. However, the differential impact of IT and CON
exercise upon SR patterns during acute exercise is largely unknown. Shear rate
patterns during exercise have only been examined for brief periods during acute CON
type exercise (Green et al., 2002b, Thijssen et al., 2009a, Green et al., 2002a, Tinken
et al., 2009). Comparatively little research has been conducted on SR patterns during
acute bouts of aerobic IT exercise. It is assumed acute SR increases during CON
exercise in accordance with heart rate and blood pressure, thus promoting NO
production (Laughlin et al., 2008a). However, as IT exercise consists of multiple
transients throughout a single session, the pattern of SR may oscillate in a manner
consistent with endothelial activation and a pro-atherogenic phenotype. Additionally,
the duration of ‘work’ and ‘active recovery’ bouts during IT exercise can be adapted
to be short (60s work: 60s recovery) or long (4 min work: 4 min recovery) depending
upon the target population. How changing the duration of the work and recovery

periods affects pattern of SR and resultant endothelial function is not known.
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Recumbent cycle exercise increases anterograde SR in conduit arteries (Tinken et
al., 2009), which is further augmented by increasing exercise intensity (Thijssen et
al., 2009a). Cycling also significantly increases retrograde SR in conduit arteries
(Thijssen et al., 2009a, Green et al., 2002b) and Green et al. (2002b) indicated a dose
dependent relationship between volumes of retrograde flow and exercise intensity.
Additionally, Thijssen et al. (2009c¢) reported a dose-response curve for magnitude of
retrograde SR and change in FMD. Despite cycling exercise inducing higher volumes

of retrograde SR there was no impairment in endothelial function assessed via FMD.

Furthermore, when higher intensity IT training has been used there appears to be an
impairment in endothelial function. Bergholm et al. (1999) and Goto et al. (2003) have
shown that exercise intensity is an important consideration when using exercise to
target improvements in endothelial function as higher intensity exercise impairs
endothelial function likely as a result of an imbalance between ROS production and
anti-oxidant defence (detailed in section 2.3.1.1.1). It has been proposed that interval
exercise enables the benefits of high intensity exercise to be achieved without the
negative effects due to shorter durations at higher exercise intensities and the
inclusion of the recovery periods. However, the pattern of SR during interval type
exercise has not been explored to ascertain whether predominantly laminar or

oscillatory shear is produced.

4.1.2 Acute exercise regulates microRNA expression

Recently, mechano-microRNAs within endothelial cells have been found to be
responsive to both laminar and oscillatory shear (section 2.1.5.2). In particular, miR-
21 expression has been shown to be regulated by shear stress. We have therefore
proposed that miR-21 may be a biomarker of exercise-induced shear in this study
which may alter endothelial cell phenotype depending upon whether predominantly
laminar or oscillatory shear is induced. In vitro work in cultured human umbilical vein

endothelial cells (HUVECs) showed artificially induced oscillatory shear stress
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upregulated miR-21 expression resulting in promotion of a pro-atherogenic
endothelial environment (Zhou et al., 2011). Contrastingly, laminar shear stress has
also been shown to upregulate miR-21 expression which was associated with
decreased apoptosis and increased NO bioavailability, suggesting an
atheroprotective role for miR-21 (Weber et al., 2010). Importantly, unlike most miRs
which can only be detected within cells, miR-21 has been shown to be present within
the circulation and is thus detectable in plasma (Baggish et al., 2011). However,
investigation of miR-21 expression in response to acute and chronic exercise has
produced inconsistent results (Baggish et al., 2011, Mooren et al., 2014, Nielsen et
al., 2014). Furthermore, the relationship between exercise-induced shear, miR-21
expression and outcomes upon vascular function has yet to be delineated. The effect
of exercise upon microRNA is a novel area of research and therefore the type and
intensity of exercise required for shear stress to differentially affect miR-21 expression

is yet to be delineated.

4.1.3 Aims and Hypothesis
The research question of this present study was to investigate the shear rate patterns
in response to CON and differing types of IT exercise and assess the acute effects of

this exercise upon FMD.

Therefore, this study aimed to:
I.  characterise the acute in-exercise brachial artery SR responses of intensity and
duration matched IT and CON exercise, and
[I.  investigate the effect of acute IT and CON in-exercise SR patterns upon acute

post-exercise endothelial function and miR-21 expression.

It was hypothesised that acute IT exercise within the heavy intensity exercise domain
may induce a more oscillatory shear rate pattern compared to CON exercise.
Furthermore, as the short interval protocol will include the greatest number of
oscillations with the shortest time between work and recovery bouts it may induce the
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greatest volume of oscillatory shear rate and subsequently impair post-exercise
endothelial function. Additionally, shear related miR-21 expression may be
upregulated following acute IT exercise compared to CON as a result of oscillations

in shear rate patterns.
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4.2 Methods

4.2.1 Participants

Participants were recruited as described in section 3.2. Thirteen healthy participants
(9 male: 4 female, mean age 22.1 + 2.9 years, BMI 23.6 + 2.1 kg/m?) volunteered for
this study. The University of Leeds ethics committee approved the study protocols

which were in accordance with the declaration of Helsinki (BIOSCI 14-005).

4.2.2 Experimental procedure

Informed consent was received in writing from all participants prior to data collection.
Participants were then invited to attend the laboratory on 5 separate occasions
separated by at least >24 hours. The initial visit comprised a pre-exercise health
screening consisting of a questionnaire and resting ECG to confirm the absence of
abnormalities which would preclude participants from taking further part in the study.
This was followed by a standard ramp incremental exercise test (RIT) for
determination of VOzpeak @and LT on a semi-recumbent cycle ergometer (see section
3.5), and anthropometric measures of height and weight. Following this visit
participants reported for testing following >8 hours overnight fasting and abstinence
of caffeine, alcohol and strenuous exercise for 24 hours as described in section 3.6.1.
Protocols were completed in standardised testing conditions in a quiet, darkened,
temperature controlled laboratory. Participants completed four separate exercise
protocols in a random order on separate days: CON, Long IT, Short IT and Long IT
70 (detailed later). At each of the four visits participants had a venous blood sample
(10 ml) taken from the antecubital fossa on the arm not intended for subsequent FMD
measurement. Participants then completed >10 min semi-recumbent rest prior to
ultrasound recordings of resting brachial artery diameter and the subsequent pre-
exercise FMD. Following the pre-exercise assessments participants completed the
prescribed exercise protocol consisting of >3 min warm up and 24 min cycling in the

heavy intensity domain (calculated from RIT) and >2 min cool down on a semi-
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recumbent cycle ergometer. During each exercise protocol heart rate, breath by
breath gas exchange and Duplex ultrasound of the brachial artery were recorded.
Following cessation of the exercise, participants were required to complete a further
15 min semi-recumbent rest before post-exercise resting brachial diameter and FMD
were repeated. Venous blood sampling (10 ml) was once again completed 6 hours
post cessation of the exercise protocol. A schematic of the experimental protocols

can be viewed in Figure 4.1.

Health screening,
anthropometric measures and
RIT

v

Venous blood sampling

v

10 min rest
FMD
/ T 3 )
CON Long IT Short IT Long IT70
v v v v
15 min rest
|
FMD
v
6 hours
|
Venous blood sampling

Figure 4.1 Flow chart of the experimental protocol.
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4.2.3 Exercise protocols

A separate exercise protocol was completed in a randomised order on separate days.
The exercise protocols were designed to be in the heavy intensity exercise domain,
i.e. between LT and critical power (CP) at 125% LT, and of the same duration.
Therefore total work and energy expenditure differed between protocols. The work
rates for the exercise protocols were determined from the RIT completed in visit 1.
For the CON protocol the time at which VO, reached 125% LT during the RIT was
determined and the subsequent work rate selected. For the IT protocols a computer
model designed at the University of Leeds by Dr A. Benson was utilised. This model
allowed for the determination of WR for each IT protocol (Figure 4.2) (Benson et al.,
2013). Therefore, the four exercise protocols were of intentionally different work rates
to ensure that all protocols were within the heavy intensity exercise domain. The
model integrates pulmonary, circulatory and muscular responses to exercise in order
to predict the VO; kinetic response and determine work rates for interval exercise in
healthy individuals (Benson et al., 2013). Standard values for healthy young
individuals were used to provide inputs for the model: baseline VO, at 10 W = 0.5
Lmin?, time constant of change in VO, (TVO_) = 30 s and functional gain = 10 ml

Iminw.
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Figure 4.2. The computer model used to determine the work rates required for the Long
IT, Short IT and Long IT 70 protocols when the target VO, (gained from the RIT) was set
at 125% of LT. Model provided curtesy of Dr Al Benson (University of Leeds (Benson et
al., 2013)).

The CON exercise protocol consisted of cycling continuously for 24 min at 125% LT,
see Figure 4.3. All of the IT protocols were conducted at a 1:1 work: recovery ratio.
Long IT consisted of 3 min of “work” at a work rate which would produce a VO
equivalent to 125% LT, interspersed with 3 min “active recovery” at 10 W, repeated 4
times to produce 24 min of exercise (Figure 4.3). Short IT consisted of 1 min “work”
and 1 min active recovery at 10 W repeated 12 times (Figure 4.3). The Long IT 70
protocol repeated the duty cycles of the Long IT protocol (i.e. 3 min work, 3 min active
recovery) however, during the recovery bouts the work rate was increased from 10 W

to a work rate equivalent of 70% LT (Figure 4.3). The mean VO of the Long IT
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protocol was below LT due to the long periods of active recovery where VO during
recovery periods returned to unloaded cycling levels. The aim of the Long IT 70
protocol was to increase mean VO during the exercise so that the mean intensity of

the protocol was comparable to the Short IT and CON protocols.
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Figure 4.3 A schematic of the four acute exercise protocols used in the current study.

4.2.4 Variables assessed during the acute exercise protocols

During the four exercise protocols, HR and gas exchange were recorded via a 12-
lead ECG and breath by breath system (MedGraphics D-Series, Medical Graphics
Corporation, St Paul, MN, USA) respectively to confirm the exercise protocols were
at the prescribed intensity (between LT and CP). Recording of HR and VO began
during the initial rest period and ended during recovery. The 12 lead ECG was also

observed during the exercise protocols to ensure no abnormalities occurred and to
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maintain participant safety. Additionally, ultrasound (in duplex mode; VIVID E9, GE
Healthcare, Milwaukee, WI, USA) of the brachial artery was used during each protocol
to assess in-exercise blood flow and vessel diameter in accordance with the
procedures described in section 3.7. The same section of the upper right arm at the
same site as used in the FMD assessment was imaged for all in-exercise recordings,
this was ensured through the use of a permanent marker pen and a tape measure to
mark the site. Following optimisation of the B-mode image and the Doppler signal,
recording started during the final 30 s of warm up and ended 1 min into cool down.
Images were recorded directly onto the Vivid E9 in consecutive loops and saved for
subsequent offline analysis. Videos were recorded consecutively for 4 min before a
30 s pause until recording began again. The timings of the start and end of each 4
min recording loop was noted to allow accurate matching of the blood flow, HR and

VO, data during analysis.

The duplex recordings of in-exercise brachial diameter and blood flow velocity were
analysed in Brachial Tools (Medical Imaging Applications, Coralville, IA, USA). This
software allowed for automated wall tracking and blood flow to discern diameter and
blood flow velocity. The Doppler blood flow signal was inverted during analysis to
determine retrograde blood flow velocity in the same way as anterograde blood flow
velocity. A confidence limit of 70% around the near and far walls of the artery was
applied to all frames with frames falling outside of this cut off excluded. Anterograde
and retrograde SR in addition to OSI (the equations for which are detailed in section
3.7.2) and brachial artery diameter were obtained for each participant during all
protocols (described fully in section 3.7.2). Mean, maximum, minimum and total
values for the aforementioned parameter of blood flow during exercise were

calculated for each participant across each exercise protocol.
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4.2.5 Assessment of endothelial function

FMD procedures were conducted in accordance with previous guidelines (Thijssen et
al., 2011) and as described in section 3.6. Images of brachial artery diameter and
blood flow velocity were obtained at the distal third of the upper arm using high-
resolution ultrasound. The same site of the brachial artery was imaged across all

protocols for each individual participant.

Analysis of diameter and blood flow velocity were conducted using automated,
commercially available, edge detection software (Brachial Tools V5; Medical Imaging
Applications, Coralville, 1A, USA) (described in sections 3.6.4 and 3.6.5). The
outcome measures provided by this software were resting and peak diameter which
provided absolute and relative FMD in addition to peak hyperaemia, peak SR, area
under the curve (AUC) for 60 and 90 s following cuff deflation and time to these peak

values.

4.2.6 Assessment of microRNA-21 expression

Venous blood samples were processed as described in section 3.10 to yield platelet
free plasma which were immediately frozen at -80°C for subsequent analysis. Total
RNA was extracted from thawed platelet free plasma and cel-miR-39 spike-in control
was added using miRNeasy serum/plasma kit (Qiagen, Maryland, USA), described in
section 3.11.1. Standard reverse transcription quantitative real time polymerase chain
reaction (RT-gPCR) was conducted on extracted RNA using TagMan probes and
primers specific to miR-21 and ribosomal RNA U6. The 7500 Real-Time PCR system
assessed relative quantification of miR-21 to RNA U6, detailed in section 3.11.2.
Subsequently, cel-miR-39 was assessed as an additional housekeeping gene for

assessment of circulating miR-21 within plasma samples.

4.2.7 Statistical Analysis

The sample size required for this current study was primarily based on previous

literature looking at acute exercise effects upon endothelial function where studies
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have typically used between 10 — 20 participants. The logistics and access to
resources limited subject numbers resulting in only 13 participants completing the
study. A formal power calculation was undertaken using

http://hedwig.mgh.harvard.edu/sample sizeljs/is crossover guant.html with FMD as

the primary outcome variable. A total of 18 patients would provide a probability of
80% for the study to detect a treatment difference at a two-sided 0.05 significance
level, if the true difference between treatments is 2.00 units. This is based on the
assumption that the standard deviation of the response variable is 2. Following the
study the power calculation was retrospectively completed to detect power with 13
participants. 13 participants would provide a 64% probability of detection of a
treatment difference at a two-sided 0.05 significance level if the true difference
between treatments is 3.00 units and the standard deviation of the response variable

is 3.

All statistical analysis was carried out using SPSS (IBM SPSS Statistics 21).
Variables were assessed for normality using Shapiro-Wilks test, significant variables
were deemed skewed and log transformed where possible. If log transformation was
not possible non-parametric tests were used on these data. Differences in pre-
exercise values between protocols were assessed via one way ANOVAs. One way
ANOVAs were also conducted on mean data collected across the exercise protocols
(i.e. anterograde and retrograde SR, OSI, HR and VO;) to assess whether the
exercise protocol had a differential effect upon the aforementioned variables. A
repeated measures ANOVA was used to assess time (pre v post) by exercise protocol
(CONv Long IT v Short IT v Long IT 70) interactions for FMD and miR-21 expression.
ANCOVAs were used to remove the influence of baseline resting brachial artery
diameter and shear rate AUCego upon absolute and relative FMD. An ANCOVA was

also used for assessment of miR-21 expression with baseline miR-21 expression
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used as a covariate due to the high variation in pre-exercise miR-21 expression.

Bonferroni post — hoc analysis was performed when significant effects were found.

Post — hoc power analysis of main outcome variables (FMD, OSI, anterograde and
retrograde SR) were calculated following determination of beta probability in SPSS.

Power was calculated using:

1-beta probability

Equation 20
Ad(ditionally, for the aforementioned variables, partial eta squared (n?) and the 95%

confidence intervals (Cl) were reported. The thresholds for effect size when using
partial n?> were small effect = 0.0099, medium effect = 0.0588, large effect = 0.1379

as per Cohen (1977).

Absolute and relative FMD pre-and post-exercise underwent allometric scaling as per
Atkinson (2014). Pearson correlations were used to identify relationships between

normally distributed variables.
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4.3 Results

4.3.1 Participant Characteristics

Table 4.1 displays the participants’ (n=13) demographics and exercise tolerance
results from the initial RIT (mean + SD). Participants were active as determined by a
mean relative VOzpeak Of 46.4 = 5.5 ml/kg/min. All 13 participants completed the initial
RIT and all CON, Long IT and Short IT protocols with 10 participants completing a

further modified Long IT 70 exercise session.

Table 4.1: Participant characteristics from visit 1.

Mean = SD
Participants, N (male:female) 13 (9:4)
Age (years) 23+3
Height (m) 1.73 +0.09
Weight (kg) 70.3+116
BMI (kg/m?) 23.4+2.0
Absolute VOgpeak (L.mint) 3.320.6
Relative VOazpeak (Ml/kg/min) 46.4+55
Heart Rate peak (bpm) 1839
Lactate Threshold (L.min't) 1.39+0.19

4.3.2 VO patterns during CON and IT exercise protocols

Table 4.2 displays the within exercise session characteristics for the 4 exercise
protocols. Mean, peak (work bout during IT protocols) and nadir (recovery bouts
during IT protocols) data for each protocol are presented. As stated previously
(section 4.2.3), protocols were matched for intensity domain and duration which
resulted in differing mean energy expenditure for the 4 exercise protocols (p<0.05).
The CON protocol produced the greatest mean energy expenditure which was

significantly greater than Long (p=0.001) and Short IT (p=0.01). However, there was
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no difference in energy expenditure between CON and Long IT 70 (p=1.00).

Additionally, the Long IT protocol produced a lower energy expenditure compared to

Long IT 70 (p=0.003; Table 4.2).

Table 4.2 Acute VO and HR responses to each exercise protocol as a percentage of
peak values as determined from the initial RIT. Values reported as mean + standard

deviation.

CON Long IT Short IT Long IT 70
N 13 13 13 10
Mean WR, W 134 + 26 183 +31 197 £ 40 Work: 183 + 31
(%WRpeak) (49 + 6) (72 £ 9) (77 £ 10) (72 + 9)

Rec: 76 + 13
(30 £ 10)

Mean VO, 231+0.36  1.84%029* | 200%0.32* | 2.26+052f
L/min (72+8) (58+11)*  (62+8) (72 £ )1t
(%VO2peak)
Peak VO,, | 2.71 £ 0.47 2.92 £0.52 2.83+£0.51 3.05+£0.63
L/min
VO (84 + 11) (91 + 14) (87 £ 10) (97 + 10)*¢
Nadir VO,, | 1.90 £ 0.27 0.60 = 0.14* 1.15+£0.19*t+ | 1.32 + 0.41*f
L/min
Pl (60 + 8) (19 + 6)*F (36 + 6)1 (42 + 10)*}1
Mean HR, bpm | 149 + 11 142 £ 17 143+ 21 153+ 14
(Y6HRpea) (79+7) (74 + 10) (76 + 10) (83+7)
Peak HR, bpm 161 +6 169 + 16 164 = 20 173+ 12
(%HRpear) (89 + 4) (92 + 6) (89 + 7) (95 + 6)*1
Nadir HR, bpm | 86 £ 33 105+ 17 120 £ 21* 128 £ 16*1
(%HRpeak) (48 + 16) (57 + 8) (63 + 11)* (70 + 8)*+
Energy 193.6 £ 37.5 135.2 £ 23.2* | 152.3 + 26.1* | 185.1 + 36.91F
Expenditure
(KJ)

*denotes significance difference from CON protocol at P<0.05
T denotes significance difference from Long IT protocol at P<0.05
1 denotes significance difference from Short IT protocol at P<0.05
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Figure 4.4 displays a representative participant during the four exercise protocols
and demonstrates that the 4 protocols were within the heavy intensity domain (VO
stabilised above LT but does not approach VOazpeak). This was also evident for all
participants in the study as shown in Table 4.2 where mean VO for the session was
above LT but below VOazpeak. However, mean VO across the 24 min exercise sessions
differed between protocols (p=0.01). Mean VO, for CON exercise remained within the
heavy intensity exercise domain throughout the session, however mean VO, during
Long IT occurred at LT (107+14 %LT). There was a significant difference in mean
VO3 (%VO2peak) between the CON and the Long IT protocols (p=0.001) and the CON
and Short IT protocols (p=0.01) respectively (Table 4.2). This was due to the peaks
and nadirs experienced during the IT protocols, which are characteristic of interval
exercise. Peak VO achieved did not significantly differ between protocols (p=0.47,
Table 4.2). As a result of the purposive design, the nadir in VO, can be seen to differ
between all protocols (p=0.001) with the lowest VO, observed to decrease below LT
in all of the IT protocols and in the case of the Long IT protocol being equivalent to
VO, during warm up (Table 4.2). Both VO, (Figure 4.4) and HR (Figure 4.5) were
observed to stabilise during each exercise protocol across all participants as was

expected with exercise in the heavy intensity exercise domain.
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Figure 4.4. 5 point moving average of the breath by breath VO, data recorded for one
representative participant during the four exercise protocols demonstrating that the
exercise was within the heavy intensity exercise domain intensity ( >LT <Critical

Power).

4.3.3 Heart rate responses during acute CON and IT exercise

protocols
Peak HR during each exercise protocol and mean HR (% HRpeak) across the 24 min
of exercise were not significantly different between exercise protocols (p=0.28, Table
4.2). The lowest HR attained during the exercise sessions was significantly different
between protocols (p=0.001), specifically between: CON and Short IT (p=0.01) and

between CON and Long IT 70 (p=0.001, Table 4.2).
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Figure 4.5 Heart rate recorded throughout the four exercise protocols for a
representative participant. The same participant was used for the breath by breath VO,
data.

4.3.4 In-exercise blood flow and shear rate patterns during acute

CON and IT exercise
Brachial artery diameter measured during exercise did not significantly differ between
the four exercise protocols (p=0.98). Additionally, brachial artery diameter measured
second by second throughout each exercise protocol was not observed to change

during exercise.

Patterns of anterograde and retrograde SR mirrored the exercise profile undertaken
and was consistent with patterns of forward and decelerative blood flow, work rate,
VO, and HR during all protocols (Figure 4.6 and Figure 4.7). However, in contrast to
VO, and HR both of which stabilised in accordance with exercising in the heavy

intensity domain, anterograde SR continued to increase throughout each exercise
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protocol. Retrograde SR exhibited the opposite pattern to anterograde SR with a

continuous decline throughout each protocol observed.
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Figure 4.6. Group mean second by second anterograde and retrograde SR patterns for all participants’ time aligned to the four exercise
protocols: (A) CON (B) Long IT (C) Short IT and (D) Long IT 70. The shaded area represents the work rate profile for each exercise

protocol.
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Figure 4.7. Group mean second by second anterograde and retrograde SR (red circles) overlaid with mean second by second forward
and backward volumetric blood flow (blue circles) and mean second by second heart rate (black circles) for the CON, Long IT, Short
IT and Long IT 70 exercise protocols.



4.3.4.1 Anterograde and retrograde shear rate during acute CON and

IT exercise
Peaks and nadirs, as observed in VO2 and HR, were also observed in both
anterograde and retrograde SR in the IT protocols and can be found under maximum
and minimum values in Table 4.3. Despite different anterograde and retrograde SR
patterns between exercise protocols, total volumes of anterograde (time effect
p=0.15, 95% CI 1127927 — 1355419 s, power=0.55, partial n?=0.11) and retrograde
(p=0.72, 95% CI -318728 — -407544 s, power=0.89, partial n?=0.02) shear did not
differ between protocols (Table 4.3). Similarly, both mean and minimum anterograde
(time effect mean: p=0.11, 95% CI 841.3 — 993.5 s, power=0.49, partial n?=0.13;
time effect min: p=0.65) and retrograde SR (time effect mean: p=0.74, 95% CI -244.3
— -306.5 s?, power=0.90, partial n?=0.02; min: p=0.91) did not differ between
protocols (Figure 4.8). Maximum retrograde SR did not differ between protocols
(p=0.42), however, maximum anterograde SR was significantly greater in CON than

in Long IT only (p=0.03, Figure 4.8).

Mean anterograde and retrograde SR were significantly correlated with mean heart
rate during the exercise session for all exercise protocols (r=0.61, p=0.001 and
r=0.64, p=0.001 respectively, Figure 4.9). The Long IT 70 exercise protocol
demonstrated the strongest correlation between retrograde SR and mean HR during
the exercise session (r=-0.67, p=0.03. CON, Long IT and Long IT 70 all showed
similar strength relationships between anterograde SR and mean HR during the
exercise session, however short IT 70 showed a weaker relationship (r=0.56, p-0.05.
Mean HR was also significantly correlated with total anterograde (r=0.57, p=0.001)
and retrograde SR (r=0.68, p=0.001). Additionally, peak HR was significantly

correlated with maximum anterograde and retrograde SR (r=0.32, p=0.05 and r=0.45,
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p=0.004 respectively). Parameters of VO recorded during the exercise sessions did

not show a significant association with in-exercise anterograde and retrograde SR.

[ZZZ1 Mean Antero
[ —JMean Retro
2400 - * —l— Max Antero
AL —l— Max Retro
| T |—@— Min Antero
2000 — T —&— Min Retro
1600 —
_ 12004 ] 1 T
o 1 I = I
@ 800 —
~ i
@ 4004 | , i
e / /
m Jd / - ,4 // / 7/ / 4 [
2 0 :
& T
-400
-800 - {* i *;\%
-1200 —
CON Long IT Short IT Long IT 70

Figure 4.8. Mean anterograde and retrograde SR shown in the columns were not significantly
different between protocols (mean = SD). Minimum anterograde and retrograde SR did not
significantly differ between protocols. Maximum retrograde SR did not significantly differ
between protocols however, maximum anterograde SR was significantly different between the
CON and Long IT protocols only (* denotes significance where P<0.05).
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Figure 4.9. Panel A shows mean HR and mean retrograde SR during all of the acute
exercise protocols were significantly negatively correlated (r=-0.64, p=0.001). Panel B
shows mean HR and mean anterograde SR during all of the exercise protocols were

significantly positively correlated (r=0.61, p=0.001).
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4.3.4.2 Oscillatory shear index during acute IT and CON exercise

Mean (p=0.18, 95% CI 0.23 — 0.27 a.u., partial n?> = 0.10, power = 0.58), maximum
(p=0.11) and minimum OSI (p=0.98) were not significantly different between the four
exercise protocols (Figure 4.11). Importantly, during all exercise protocols an OSI
greater than 0.5 (indicating periods of purely oscillatory shear) occurred for a period
of time. Figure 4.9 and Figure 4.10 show that purely oscillatory shear typically occurs
within the first half of the exercise session and at the end of a work bout in the IT
protocols. The time spent at an OSI greater than 0.5 was not significantly different
between protocols (CON 13.3+15.6 s; Long IT 31.2 + 38.0 s; Short IT 29.0 + 29.9 5;
Long IT 70 35.8 + 41.4 s; p=0.35). OSI was not significantly correlated with VO or

HR recorded during the exercise protocols.
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Figure 4.9. Group mean OSI patterns (black circles) for all participants during the four exercise protocols: (A) 140

CON (B) Long IT (C) Short IT and (D) Long IT 70. The shaded area represents the work rate profile for each
exercise protocol.
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Figure 4.10 OSI patterns (black circles) for a representative participant during the four exercise protocols: (A) CON (B) Long IT (C)
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Figure 4.11. Mean, maximum and minimum (meantSD) OSI| were not
significantly different between protocols (p>0.05). In all protocols periods
of purely oscillatory shear were achieved as indicated by maximum OSI >

0.5.
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Table 4.3 Mean, maximum, minimum and total values of anterograde and retrograde SR and OSI across the four exercise protocols. Data reported
as mean + SD.

Anterograde SR (s™) Retrograde SR (s?) OSl (a.u.)
Total Mean Max Min Total Mean Max Min Mean Max Min
CON 142881 + | 1044 +297 | 1892 +408 | 112+ 114 | -336449 + | -252 +98 -744 + | -24+34 0.22+0.06 | 0.65 + | 0.02 +
483671 146269 295 0.16 0.03
Long IT 1077392 + | 803 + 251 1403 + 441 | 85 + 67 -355436 + | -277 =108 -686 + | -14+19 0.27 £0.07 | 0.69 + | 0.02 £
358488 ki 148766 183 0.17 0.03
Short IT | 1184756 + | 859 + 265 1584 +430 | 75+ 82 -395255 + | -290+ 126 -720 + | -16 £ 25 0.27+0.07 | 0.81 + | 0.04 +
363661 177355 179 0.18 0.05
Long IT | 1275664 + | 963 + 224 1738 £435 | 90 + 112 -365407 + | -282 £ 90 -875 + | -17 +32 0.25+0.06 | 0.76 + | 0.01 £
70 334353 132676 332 0.18 0.02

*denotes significantly different from CON exercise protocol at the p<0.05 level.
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4.3.5 Brachial artery endothelial function

There were no significant differences between protocols in pre-exercise resting
brachial artery diameter (p=0.98), peak diameter (p=0.98), absolute FMD (p=0.73),
relative FMD (p=0.75), time to peak diameter (p=0.54), peak hyperaemia (p=0.76),
peak shear (p=0.85), AUC¢o (p=0.81), AUCq (p=0.95) and time to peak hyperaemia
(p=0.77). Additionally, prior to exercise absolute and relative FMD were not
significantly correlated with stimuli of vasodilation i.e. peak shear following cuff
deflation and AUC (p>0.05). Resting brachial artery diameter did not significantly
differ pre to post-exercise (p=0.86) and no difference in pre or post-exercise resting

brachial diameter was observed between exercise protocols (p=0.99).

It has been suggested that resting diameter should be used as a covariate when
assessing changes in absolute and relative FMD. Therefore, resting diameter was
used in ANCOVAs for assessment of time and exercise protocol interaction. All
measures of endothelial function were significantly increased following acute
exercise, however there was no significant difference between exercise protocols
(Table 4.4). Specifically, all protocol absolute and relative FMD were both significantly
increased by 0.14 + 0.01 mm (95% CI 0.31 — 0.39 mm; time effect p=0.03,
power=0.41, partial n?=0.10; time x protocol p=0.79, power=0.89, partial n>=0.02; time
x resting diameter p=0.20) and 3.46 + 0.48 % (95% CI 7.95 — 9.97%; time effect
p=0.001, power=0.15, partial n?>=0.18; time x protocol p=0.83, power=0.86, partial
n?=0.03; time x resting diameter p=0.02) respectively post — exercise, irrespective of

exercise protocol (Figure 4.12).
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Figure 4.12 Acute FMD (mean + SD) measured 15 min post exercise (Post: CON 10.61 +
5.33 %; Long IT 11.54 + 4.84 %; Short IT 10.70 £ 3.97 %; Long IT 70 9.91 + 3.87 %) was
significantly higher than pre FMD (Pre: CON 6.69 £ 3.02 %; Long IT 7.52 £ 2.47 %; Short
IT 7.40 £ 3.55 %; Long IT 70 7.34 + 3.66 %) with no differential effect of protocol (*denotes
significance P<0.05).

4.3.5.1 Allometrically scaled FMD

Recently, statisticians have argued that as FMD is a ratio of resting and peak diameter
allometric scaling should be undertaken to provide an accurate scaling index to
mitigate the influence of resting diameter upon FMD (Atkinson, 2014). The slope of
the relationship between naturally log transformed resting and peak diameter should
have a value of 1, allometric scaling is appropriate when this relationship produces a
value <1 (Atkinson, 2014). When this process was undertaken in the current study

the scaling factor was 0.98 prior to exercise and 0.89 following exercise. Analysis of
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absolute and relative FMD from the scaled data demonstrated a significant time effect
(absolute FMD p=0.001; relative FMD p=0.001) although no time by protocol

interaction was observed (absolute FMD p=0.58; relative FMD p=0.71,

Figure 4.13).
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Figure 4.13 Acute allometrically scaled FMD (mean + SD) measured 15 min post
exercise (Post: CON 6.84 + 3.62 %; Long IT 7.83 + 3.62 %; Short IT 7.10 =+ 3.00
%; Long IT 70 6.35 + 2.45 %) was significantly higher than pre FMD (Pre: CON
5.03 £ 1.83 %; Long IT 5.21 + 1.96 %; Short IT 5.36 = 2.75 %; Long IT 70 4.95 +
2.44 %) with no differential effect of protocol (*denotes significance p<0.05).

Peak hyperaemia (time effect p=0.01; time x protocol p=0.77), peak SR (time effect
p=0.02; time x protocol p=0.90), AUCeo (time effect p=0.02; time x protocol p=0.44)
and AUCqy (time effect p=0.001; time x protocol p=0.95), the stimuli for vasodilatation,

were also significantly increased post — exercise (Table 4.4). As the shear stimulus
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was increased following acute exercise, AUCso Was used as a covariate during re-
analysis of absolute and relative FMD. Absolute FMD showed no significant effect of
exercise when AUCs, was used as a covariate (time effect p=0.89, time x protocol
p=0.96, time x AUCgo p=0.20), this was also replicated in relative FMD (time effect
p=0.94, time x protocol p=0.75, time x AUCgo p=0.12). This suggests that the acute

exercise effect upon FMD was dependent upon an increase in the shear stimulus.

Post-exercise relative FMD was significantly correlated with peak SR during the FMD
(r=0.31, p=0.03), AUCe (r=0.36, p=0.01) and AUCy (r=0.40, p=0.01). Following
acute exercise over all protocols, peak SR during FMD was correlated with mean in-
exercise anterograde SR (r=0.62, p=0.001), mean OSI (r=-0.41, p=0.003), max
anterograde SR (r=0.59, p=0.001) and total anterograde SR (r=0.60, p=0.001).
Similarly, AUCg was also correlated with mean anterograde SR (r=0.33, p=0.02),
mean OSI| (r=-0.35, p=0.01), max anterograde SR (r=0.36, p=0.01) and total
anterograde SR (r=0.33, p=0.02). However, no correlations with in-exercise

retrograde SR was observed (p>0.05).

147



Table 4.4 Pre and 15 min post exercise results for FMD variables related to endothelial function. Values presented unscaled, pre and post-acute
exercise. Results presented as Mean + SD. *denotes significanct time effect at P<0.05.

CON Long IT Short IT Long IT 70
Pre Post Pre Post Pre Post Pre Post
Baseline 3.98 + | 3.97 £+ 0.54* | 3.98 + | 3.97 £ 0.54* | 3.96 +|3.97 +0.51* | 3.92 + | 3.90 + 0.54*
diameter, mm | 0.53 0.57 0.54 0.50
Peak 4.25 + | 4.38 £ 0.56* | 4.27 + | 4.41 +0.53* | 4.25 + | 4.39+0.57*  4.20 + | 4.28 + 0.58*
diameter, mm | 0.55 0.62 0.57 0.51
Time to Peak | 45+ 22 74 + 33* 55 + 27 68 + 40* 53+24 68 + 31* 48 + 14 69 + 31*
Diameter, s
Absolute 0.26 +|0.41+£0.21* | 0.30 + | 0.44 +£0.16* | 0.29 +|0.42+0.17* | 0.28 + 0.38 + 0.16*
FMD, mm 0.12 0.11 0.14 0.15
Peak 93.1 +|104.2 + | 885 +96.4+19.8* | 89.2 +|100.1 +|97.7 +|100.5+17.7*
Hyperaemia, 28.8 14.7* 16.5 17.7 21.3* 24.9
cm/s
Peak Shear | 1910 + | 2124 + 489* | 1842 + | 1982 + 560* | 1864 + | 2049 + 388* | 2030 + | 2109 + 482*
Rate, s 700 397 446 551
AUCs, a.u. 41206 + | 41353 + 42130 + | 36899 +| 44371 + | 38431 + | 40376 + | 36687 + 8566*
11671 10824~ 8439 10367* 8760 8016* 13173
AUCq, a.u. 58894 + | 61263 + | 61937 <+ | 53889 + | 62840 + | 56530 + | 60820 <+ | 57041 +
20133 17507* 15001 15771* 13783 12061* 23066 12833*
Reactive 4719 + | 6534 + | 4928 + | 5860 + | 4838 + | 5961 + | 4815 + | 6137 + 1290~
Hyperaemia, 1692 1518* 1476 1733~ 1563 1675* 1824
cm/s

*denotes a significant main time effect at the P<0.05 level.
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4.3.6 MicroRNA - 21 expression following acute exercise

4.3.6.1 MiR-21 expression relative to housekeeper U6

No significant pre-exercise differences in levels of miR-21 (%U6) were observed
between exercise protocols (p=0.57). However, there was a large standard deviation
between pre-exercise miR-21 (%U6) expression thus pre-exercise values were
subsequently used as a covariate. There was no apparent effect of acute exercise
upon miR-21 (%UB6) expression (time effect p=1.04, Figure 4.14) and no effect of the
specific exercise protocols (time x protocol interaction p=0.63) when pre-exercise
values were used as a covariate. Post-exercise miR-21 (%U6) expression was
significantly correlated with post-exercise AUCso (r=0.33, p=0.03) during FMD.
Additionally, miR-21 (%U6) expression following acute exercise was correlated with

the maximum OSI (r=-0.30, p=0.03) during the exercise only.

5.0 - T e
T [ JPost

4.5 - ‘

4.0 1

3.5

Mean miR-21 expression (% U6) log transformed

CON Long IT Short IT Long IT 70

Figure 4.14 Mean miR-21 expression (%U6) immediately pre-and 6 hours post-acute
exercise There was no significant effect of time and no interaction with exercise protocol
(p>0.05). Data are presented with pre-exercise values used as a covariate. Data were not
normally distributed therefore log transformed data are presented. Data are presented as
mean * SD.
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4.3.6.2 MiR-21 expression relative to cel-miR-39

When circulating miR-21 expression was reported as a percentage of cel-miR-39
expression (used as an exogenous spike-in control) there was no significant pre-
exercise differences in miR-21 expression between exercise protocols (p=0.65).
Again, there was a large standard deviation between pre-exercise miR-21 (%cel-
miR-39) expression thus pre-exercise values were used as a covariate. Acute
exercise resulted in an overall reduction in miR-21 expression (%cel-miR-39) (time
effect p=0.02, Figure 4.15) but demonstrated no significant time by protocol
interaction (p=0.68). Post-exercise miR-21 expression (%cel-miR-39) following acute
exercise was significantly correlated with post-exercise AUCso (r=0.38, p=0.01,
Figure 4.16) during FMD analysis. Furthermore, miR-21 expression (%cel-miR-39)
following acute exercise was also significantly correlated with mean anterograde SR
(r=-0.33, p=0.02, Figure 4.16) and total anterograde SR (r=-0.31, p=0.03) but not

retrograde SR during exercise.
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Figure 4.15 Mean miR-21 expression (%cel-miR-39) immediately pre-and 6
hours post-acute exercise. There was a significant effect of time (p=0.02) but
no interaction with exercise protocol (p=0.68) when pre-exercise values were
used as a covariate (p=0.004). Data are presented with pre-exercise values
used as a covariate. Data were not normally distributed therefore log
transformed data are presented. Data are presented as mean + SD. * denotes
significance at the p<0.05 level.
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Figure 4.16 Panel A shows that mean anterograde SR during the exercise protocols
was significantly correlated with log transformed mean miR-21 (%cel-miR-39)
expression following the acute exercise protocol (r=-0.33, p=0.02). Panel B shows the
change in AUCegfrom pre to post exercise was significantly correlated with log
transformed mean miR-21 (%cel-miR-39) expression following the acute exercise
protocol (r=0.33, p=0.02).
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4.4 Discussion

The present study was the first to continually assess patterns of anterograde and
retrograde SR during intensity and duration matched acute CON and different IT
exercise protocols in a young, healthy population. The study also determined whether
exercise-induced SR pattern differentially affected acute endothelial function and
miR-21 expression. In contrast to the hypothesis, acute brachial artery endothelial
function improved following all types of exercise with no differential effect of SR
pattern. The exercise protocols produced different and distinct anterograde and
retrograde SR patterns, however, volumes of SR were not different between
protocols. Mean OSI for all acute exercise protocols was predominantly laminar.
However, all protocols produced brief periods of purely oscillatory SR but it is likely
that these periods of purely oscillatory SR were too brief to induce detrimental effects
upon the endothelium. Additionally, acute expression of miR-21 was reduced

following exercise irrespective of exercise — induced SR pattern.

4.41 Characterisation of in-exercise SR pattern, VO2> and HR

during acute CON and IT exercise
The novel aspect of this study was the characterisation and comparison of
anterograde and retrograde SR patterns throughout the duration of four different
acute exercise protocols. The exercise protocols utilised in this study were matched
for intensity and duration to delineate the effect of WR profile upon SR pattern and
outcome of this pattern upon endothelial function. Both anterograde and retrograde
SR followed the work rate profile of the exercise protocols in agreement with VO, and
HR responses. Indeed, anterograde and retrograde SR showed strong associations
with in-exercise heart rate responses to the exercise. In contrast to the VO, and HR
profiles which stabilised, as is expected with exercise in the heavy intensity domain

(Whipp, 1996), anterograde SR continued to increase throughout the duration of all
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exercise protocols. Retrograde SR was immediately elevated at the onset of exercise
and then steadily decreased throughout the four exercise protocols. The continuing
increase in anterograde SR observed as exercise progressed may be due to
thermoregulatory effects of exercise inducing downstream peripheral and cutaneous
vasodilation (Simmons et al., 2011). This current study is consistent with previous
research which found that lower limb exercise was capable of modifying conduit

artery endothelial function in the non-exercising limb (Padilla et al., 2011c).

4.4.1.1 Potential mechanisms which regulated patterns of shear rate

during exercise
All exercise protocols induced retrograde SR in the non-exercising brachial artery
consistent with other studies which have utilised cycling exercise. Green et al. (2005)
suggested that high volumes of retrograde SR occurs at the onset of exercise as a
result of increased vascular tone in downstream resistance vessels. Retrograde SR
decreases as exercise progresses through reductions in downstream peripheral
resistance which occurs as a result of thermoregulation (Simmons et al., 2011). Brief
alterations in the pressure gradient between upstream and downstream points within
the brachial artery have previously been used to explain the occurrence of retrograde
SR during cardiac cycles at rest (Padilla et al., 2010, McDonald, 1955). Changes in
the pressure gradient may be further exacerbated with exercise and increased
frequency of cardiac cycles thus offering a suggestion for greater retrograde SR
during exercise. Indeed, the SR pattern induced by the exercise protocols in this
study may be a product of changes in blood pressure altering the pressure gradient
within the artery (Padilla et al., 2010). Padilla et al. (2010) suggested that blood
pressure changes may influence the sympathetic nervous system. Exercise
increases mean arterial pressure and sympathetic outflow in inactive muscle beds

which has previously been correlated with increased brachial artery retrograde and
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oscillatory SR following sympathoexcitatory manoeuvres (Padilla et al., 2010). The
contracting muscle causes a delayed elevation in muscle sympathetic nerve activity
which is related to the intensity of the exercise (Saltin et al., 1998). Exercise induced
increases in sympathetic nerve activity are required in order to redistribute blood flow
to the active muscles and away from non-active muscles (Saltin et al., 1998). The
contraction of the skeletal muscles themselves during exercise may also affect blood
flow patterns. Indeed, blood flow varies during the contraction and relaxation phases
of muscles during exercise and is primarily determined by power output (Radegran
and Saltin, 1998). The muscle pump has been suggested to promote muscle blood
flow during contractions by squeezing blood from veins inducing a low venous
pressure and determining arterial inflow (Radegran and Saltin, 1998). During
muscular relaxation, the muscle pump has been suggested to open the veins as a
result of negative venous pressure (Radegran and Saltin, 1998). It is therefore clear
that the impact of the muscle pump depends upon the force, frequency and duration
of muscular contractions (Radegran and Saltin, 1998). The four protocols utilised in
the present study were within the same exercise intensity domain but were of differing
work rates. Therefore, the force exerted by the muscles also differed between

exercise protocols which may account for the differing SR patterns.

4.4.1.2 Oscillatory shear index during exercise and the acute effects
upon endothelial function

This current study matched exercise intensity between the four exercise protocols
and therefore did not assess the effect of exercise intensity upon patterns and
volumes of SR during exercise. However, previous studies have shown exercise
intensity, as defined by increased work rate, is integral in determination of volumes
of anterograde and retrograde SR during cycling exercise (section 2.3.1.1.1)

(Thijssen et al., 2009a). All four exercise protocols in the current study produced
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equivalent volumes of both anterograde and retrograde SR, likely due to matched
duration and intensity between acute exercise protocols. Volumes of retrograde SR
increase with exercise intensity and impair endothelial function measured via FMD
(Green et al., 2002b, Thijssen et al., 2009b). However, in the current study volumes
of exercise-induced retrograde SR did not negatively impact acute post-exercise
endothelial function. It is possible that the large volumes of exercise-induced
anterograde SR overcame the retrograde SR resulting in predominantly laminar
shear. Mean OSI for each exercise protocol was mainly laminar using the parameters
defined by Padilla et al. (2010), thus supporting this theory. Maximum OSI indicates
periods of purely oscillatory SR were experienced for brief periods during all exercise
protocols. The greatest incidence of purely oscillatory SR occurred during the first
half of the exercise session, when retrograde SR was also highest, and during the
work bouts of IT protocols. This supports Padilla et al. (2011c), where greatest
retrograde SR and OSI occurred within the first 5-10 minutes of a 60 minute
continuous cycling exercise protocol. It has been suggested that retrograde SR and
OSl is highest at the onset of exercise due to constriction of resistance vasculature
in the forearm via the sympathetic nervous system or other circulating
vasoconstrictors (Padilla et al., 2011c). The short time periods of purely oscillatory
SR did not adversely affect acute endothelial function, however chronic exposure to
episodes of purely oscillatory SR may be associated long term with endothelial

dysfunction.

It was originally hypothesised that the short IT exercise protocol may induce the
greatest amount of oscillatory SR due to the numerous oscillations between work and
recovery bouts, compared to the other IT protocols used in this study. However, this
was not the case and the numerous recovery periods may have acted to normalise

OSI which had the potential to be higher in this protocol due to the high work rates
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required. Furthermore, the short IT exercise protocol had the shortest recovery time
between work bouts. These characteristics of the short IT protocol produced a very
different pattern of SR, with more rapidly occurring transients of anterograde and
retrograde SR matching work to recovery bouts, compared to the other exercise
protocols. Despite the different patterns of anterograde and retrograde SR, volumes
of both and OSI were not different between exercise protocols. Observation of Figure
4.7 shows that forward blood flow between the four exercise protocols demonstrated
gradual increases as each exercise session progressed with the greatest increase
occurring in the CON exercise protocol. Decelerative blood flow returns to baseline
as exercise progresses at a similar rate across all exercise protocols. It appears that
blood flow begins to stabilise towards the end of each exercise protocol which is in
accordance with the heart rate responses to each exercise protocol. Whilst heart rate
and blood flow demonstrate similar responses during exercise, the patterns of
anterograde and retrograde SR show different responses. The work rate profile is
more evident in anterograde and retrograde SR compared to forward and
decelerative blood flow. Anterograde SR also demonstrates the continual increase
as exercise progresses in each protocol. Retrograde SR appears to respond similarly
to decelerative blood flow as a decrease towards baseline is observed in all protocols
as the exercise progresses. However, the immediate increase in retrograde SR at
the onset of exercise is apparent whereas a corresponding increase in decelerative
blood flow is not evident.

4.4.1.3 Therationale for the inclusion of the Long IT 70 exercise

protocol

Following completion of the first three participants through the exercise study it was
apparent that the 4 min recovery periods at unloaded cycling in the Long IT exercise

protocol resulted in a lower energy expenditure, mean VO, and mean HR across the
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exercise session. This resulted in a lower exercise intensity when compared to the
CON and Short IT exercise protocols. It was therefore decided to include a fourth
exercise protocol which consisted of the same work and recovery durations but with
a higher resistance used during the recovery periods. The aim of this exercise
protocol was to prevent HR, VO, and therefore SR dropping back to warm-up levels
to reduce the intensity of the exercise session which would result in the exercise
protocols no longer being matched for intensity. This aim was fulfilled with the
inclusion of the Long IT 70 exercise protocol. Energy expenditure, mean VO, and
mean HR were higher in Long IT 70 than Long IT exercise protocol. Whilst not
statistically different from one another, Long IT 70 produced higher total, mean and
maximum anterograde SR compared to Long IT 70 although volumes of retrograde

SR showed little difference between the two protocols.

4.4.1.4 The haemodynamic response to acute aerobic exercise

As discussed in section 2.3.1, exercise which utilises a large muscle mass, i.e. lower
limb exercise such as cycling, induces high metabolic demand. To meet this
metabolic demand there is an increase in cardiac output facilitated by increases in
heart rate. In turn, increases in HR increase blood flow through the artery to meet
metabolic demand for O resulting in an increase in SR (Figure 4.7). At the onset of
exercise it has been reported that blood flow to the non-exercising limb (i.e. brachial
artery of the arm) is reduced before starting to increase as exercise continues (Green
et al., 2017). This was not evident in the current study as both blood flow and SR
were increased from warm up at exercise onset. However, whether there was a
reduction in initial blood flow during warm up from resting was not assessed in the
current study. As exercise continues there are reportedly small increases in
anterograde SR which is accompanied by large increases in retrograde SR in the

inactive limb. This is supported by the results of all 4 exercise protocols included in
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this current study where OSI (i.e. the ratio of anterograde to retrograde SR) can be
seen to be highest during the first portion of the exercise, indicating a more oscillatory
type of shear initially, and reduced as exercise progresses. Large initial increases in
retrograde SR at the onset of exercise may be as a result of downstream

vasoconstriction which is reduced as exercise progresses (Green et al., 2017).

Continuation of exercise induces a thermoregulatory response whereby the
microcirculation dilates leading to a reduction in downstream total peripheral
resistance affecting upstream blood flow and shear rate patterns (Green et al., 2017).
This thermoregulatory response leads to a reduction in retrograde SR and further
increases anterograde SR as exercise progresses, when OSl is determined a more
laminar type of shear is evident as exercise progresses. This type of shear can be
overserved in all exercise protocols within this study irrespective of whether the

exercise was continuous or interval.

4.4.2 Acute endothelial function

Pre—exercise measures of endothelial function were not different between conditions
suggesting any changes in post-exercise endothelial function would be as a result of
the exercise-induced SR stimulus. FMD significantly increased 15 min post cessation
of acute exercise irrespective of exercise protocol and therefore SR pattern. The lack
of difference in endothelial function between exercise protocols is likely due to the
matching of duration and intensity, which produced similar volumes of anterograde

and retrograde SR.

4.4.2.1 CON versus IT exercise does not differentially affect acute

endothelial function
Previous research has been unable to determine whether CON or IT exercise
produces the greatest improvement in endothelial function. As suggested previously

this may have been due to inadequate control of exercise intensity, duration or both.
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Therefore, when intensity and duration were suitably controlled in this present study
there was no apparent difference between IT and CON exercise protocols in terms
of acute endothelial function. Allometric scaling of relative and absolute FMD was
undertaken to assess the influence of resting diameter upon change in diameter
following the hyperaemic stimulus, as per Atkinson (2014). The acute improvement
in endothelial function remained when the influence of resting diameter was
accounted for. However, when the hyperaemic stimulus for endothelium-dependent
vasodilation, i.e. shear caused by the cuff deflation, was used as a covariate during
analysis the acute improvement in FMD following all exercise protocols was
abolished. Therefore, this suggests that the acute exercise protocols increased the
SR stimulus during the FMD procedure following exercise and this caused the greater

degree of vasodilation observed post-exercise.

4.4.2.2 Effect of exercise intensity upon endothelial function

Previous studies have shown chronic high intensity exercise training (70-80 %
VO2max) to have no effect (Goto et al., 2003) or to impair endothelial function
(Bergholm et al., 1999), which has also been shown following acute high intensity
exercise (Bailey et al., 2017). This impairment in endothelial function with high
intensity exercise has been attributed to an increase in ROS production which can
interact and breakdown NO (section 2.3.1.1.1). Specifically, NOX a NADPH oxidase
subunit, has been suggested as a candidate for reducing NO bioavailability (Cocks
et al., 2013). However, Cocks et al. (2013) did not find an increase in NOX2 content
in skeletal muscle microvasculature following an acute bout of endurance or sprint
interval exercise. The participants included in the study were young and healthy,
therefore participants may have had an enhanced anti-oxidative defence. Indeed,
trained individuals appear to exhibit a smaller reduction in FMD following an acute

exercise bout (Dawson et al., 2013). It is therefore interesting that heavy intensity
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exercise prescribed in this study produced an improvement in acute endothelial
function 15 min post-exercise. Mean VO of the four exercise protocols in this study
was between 58-72% VO2peak Which was within the heavy intensity exercise domain
based on individual characteristics. However, intensity was not prescribed in the
same manner between this current study and the aforementioned studies and
therefore may not have been of sufficient intensity to induce ROS production to impair
NO dependent vasodilation. Furthermore, the participants included in the present
study were young, healthy and moderately trained therefore it is likely they had
enhanced anti-oxidative status which would minimise any post-exercise impairment
in FMD. Alternatively, acute exercise may promote different FMD responses to
chronic exercise potentially due to the accumulation of greater volumes of oscillatory
SR over multiple training sessions which may be detrimental to endothelial function.
This highlights the importance of assessing the findings from this acute study in a
chronic setting where the effects of repeated exercise protocols upon endothelial

function can be evaluated

4.4.3 Acute MicroRNA-21 expression

MiR-21 has also been implicated in regulation of EC phenotype through responses
to changes in SR. We proposed miR-21 to be a potential circulating biomarker of
exercise induced SR which may ultimately aid in regulation of endothelial function
through changes in endothelial cell phenotype. Typically, miR-21 expression is
assessed in-vitro in HUVECs. However, in the current study circulating miR-21 was
assessed from plasma samples. Previous literature has shown miR-21 to be a flow
sensitive miR, with overexpression of miR-21 reported following exposure to both
laminar and oscillatory shear. It has therefore been determined that miR-21 may have
a dual role in the endothelium which can vary depending upon the type of shear the

endothelial cells are exposed to.
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4.4.3.1 Determination of the appropriate housekeeping gene for

relative expression of miR-21
In the current study, miR-21 expression relative to SRNA-U6 showed no change
following acute exercise and no effect of exercise protocol and therefore SR pattern.
U6 is the standard housekeeping gene used as a comparison for determination of
relative miR expression in cell culture studies. Currently, there is no gold standard
housekeeping gene for relative comparison when assessing circulating miR
expression within the literature. In the current study, it was evident upon assessment
of circulating miR-21 expression that U6 was not suitable as a housekeeping gene.
It appears that there is low expression of circulating U6 in plasma samples hence
circulating miR-21 appears to be highly expressed in comparison. The manufacturers
of the RNA extraction kit suggest an exogenous spike-in control (cel-miR-39) may be
a more robust housekeeping gene and has been utilised in some studies when
assessing circulating miRs. Therefore, samples were reanalysed to assess cel-miR-
39 expression. MiR-21 expression relative to cel-miR-39 showed a significant
reduction post-acute exercise that was not influenced by the exercise protocol and
therefore SR pattern. When miR-21 expression was reported relative to U6 there
appeared to be high variance between individuals for baseline samples. When using
cel-miR-39 for relative quantification of miR-21 there remained variance between
individuals at baseline, however the magnitude of this variance appeared to be

reduced.

4.4.3.2 The effect of acute IT and CON SR patterns upon miR-21

expression
Acute exercise does appear to have an effect in regulating miR-21 expression
irrespective of type of exercise. Whether circulating miR-21 expression was reported
relative to U6 or cel-miR-39, the 4 exercise protocols and therefore the differential

SR patterns utilised in this study did not affect acute miR-21 expression. MiR-21
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expression following acute exercise showed a weak to moderate association with
anterograde SR during the exercise protocols irrespective of type of exercise,
suggesting exercise-induced SR has the potential for regulation of miR-21

expression.

The lack of difference in miR-21 expression between exercise protocols may be more
reliant upon volume rather than pattern of SR, similar to endothelial function. Whilst
pattern of SR differed, mean OSI was equivalent between protocols and suggested
ECs were exposed to predominantly laminar SR. In-vitro research has suggested
laminar shear stress results in changes in increased miR-21 expression and
promotion of an anti-atherogenic EC phenotype via NO production (section 2.1.5.2).
However, miR-21 expression reduced following acute exercise in this study which is
in contrast to Baggish et al. (2011) who found a 1.89 fold upregulation in miR-21
following acute maximal exercise. The results of the current are more in line with
Kilian et al. (2016) who found a reduction in miR-21 expression 30 minutes post-
acute exercise. On the other hand, Nielsen et al. (2014) found no effect of acute
exercise (60 min duration) upon miR-21 expression immediately, 1 hour and 3 hours
post exercise. The lack of consensus in the studies is likely due to the dual role of
miR-21 in regulating of endothelial cell phenotype and the adaptive change in
mechanosensitivity depending upon the stimulus (Kumar et al., 2014). In the current
study, predominantly laminar shear was produced by all types of exercise and
endothelial function was acutely improved. It may be reasonable to hypothesise that
reduced miR-21 expression aided in the regulation of an anti-atherogenic endothelial
cell phenotype. Alternately, decreased circulating levels of miR-21 may reflect a
reduction in endothelial cells shedding miR-21 into the circulation and instead higher

levels remain within the cell.

4.4.4 Limitations
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SR is affected not only by vessel diameter and blood flow velocity but also by blood
pressure which alters the stretch of the artery. BP was not measured in the current
study, although in future studies in-exercise BP may yield further understanding of
the mechanisms driving and regulating SR patterns. The current study assessed SR
in the brachial artery during semi-recumbent lower limb cycling exercise as peripheral
conduit arteries have been shown to be sensitive to changes in blood flow induced
by lower limb cycling exercise (Green et al., 2005). However, when determining how
changes in SR affect susceptibility to atherosclerotic lesion formation the brachial
artery is known to be less atheroprone than the femoral artery for example. Blood
flow patterns in the femoral artery may be different compared to the brachial artery
as a result of changes in hydrostatic pressure and vessel calibre. Doppler ultrasound
of the femoral artery during lower limb cycling exercise would provide greater insight
into how patterns and volume of SR in the exercising limb affects EC
phenotype/function in a more atheroprone vessel. However, in-exercise femoral
artery Doppler ultrasound during cycling exercise is difficult to obtain reliably.
Previous studies have obtained femoral SR during resistance type exercise,
predominantly leg kicking, which is difficult to compare with aerobic, rhythmic cycling
exercise. Despite this limitation, endothelial function in the brachial artery is well
correlated with endothelial function in the coronary arteries (Takase et al., 1998)
suggesting that exercise-induced SR in the brachial artery may be representative of

systemic SR.

Thousands of miRs have been identified, however only miR-21 was presently
assessed which may over simplify the complex regulation of EC phenotype and NO
production, especially as miR-21 may have a transient response to different SR
patterns. Acute assessment of miR-21 expression was made at only one time point,

6 hours post exercise. Currently, no studies have conducted time course experiments
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to examine to optimum time to collect samples for assessment of circulating miRs
following an acute stimulus. It is therefore possible that the time point used in this
study was too early or too late to determine the effect of the exercise protocols and

therefore, SR pattern upon miR-21 expression.

Furthermore, the small sample used in this study yielded a 64% chance of detecting
differences between repeated protocols, suggesting the study was underpowered to
detect changes in outcome measures of endothelial function and miR-21 expression.
Retrospective power was calculated for the main outcome variables in the present
study to determine the likelihood of making a type 2 error, i.e. a false negative result
whereby it is assumed there is no change in a variable, however there is simply not
enough power to detect this change. It can be observed that the chance of making a
type 2 error for retrograde SR was 90%, 49% for anterograde SR and 58% for OSI.
In contrast, the power to detect a type 2 error for assessing relative FMD pre and
post exercise was 15% although this rose to 86% when assessing the effect of
exercise protocol. This suggests that the power of the study was insufficient for
detecting the effect of exercise protocol upon FMD and detecting a difference
between exercise protocols upon in-exercise SR. However, determination of effect
size for the aforementioned variables shows that retrograde SR demonstrated a
small-medium effect, anterograde SR a medium-large effect and OSI a medium-large
effect. Relative FMD pre to post exercise demonstrated a large effect whilst the effect
of the exercise protocol only demonstrated a small-medium effect. Overall, it appears
that the current study had better power to detect differences between exercise
protocols for anterograde SR and OSI but not for retrograde SR, which was also
supported by the effect sizes. Additionally, the effect of exercise upon acute FMD
was appropriately powered, however there appeared to be insufficient power to

determine the effect of different exercise protocols upon acute FMD.
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This study also used young, healthy participants who were free of known CVD risk
factors and had normal endothelial function. Therefore, translation of these findings

into an at-risk population cannot be made reliably.

4.4.5 Future Directions

The following chapter employs similar exercise protocols in a training intervention in
populations with a more inherent risk of CVD to determine whether the periods of
purely oscillatory SR observed acutely become detrimental to endothelial function
across time and multiple sessions. More widely, further work on reducing the
standard deviation in miR-21 expression and to determine the time-course of
detecting circulating miR at the point of greatest expression is required before it can
become a more viable option for use as a biomarker of exercise induced SR and
endothelial function. In future, additional miRs which are known regulators of EC
phenotype should be assessed as potential biomarkers of shear with an influence

upon endothelial cell phenotype and function.

4.4.6 Conclusion

In regards to the research question for this present study, the SR patterns were
different between the CON and IT exercise protocols although the total volumes of
SR were not different between protocols. This resulted in equivalent increases in

acute FMD following all exercise protocols.

Acute IT and CON exercise protocols, matched for intensity and duration, produced
SR patterns which corresponded with the work rate profile and HR and VO
responses. Despite differing SR patterns there was no difference in volumes of
anterograde and retrograde SR between the exercise protocols. All exercise
protocols induced retrograde SR and brief periods of purely oscillatory SR.
Regardless CON and IT demonstrated equivalent improvements in acute post-

exercise endothelial function. Whilst, the exercise protocols and SR patterns did not
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appear to differentially affect circulating acute miR-21 expression, exercise does
appear to reduce acute miR-21 expression. However, it remains unknown as to how
a reduction in miR-21 expression following acute exercise affected endothelial cell

phenotype.
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Chapter 5 Examination of chronic interval and continuous
exercise induced shear rate upon vascular health and the

role of age and gender
Aspects from this Chapter were presented at the following conferences:

e University of Leeds Multidisciplinary Cardiovascular Research Centre
(MCRC) March 2017 — Oral Presentation

¢ University of Leeds Postgraduate Symposium May 2017 - Oral Presentation

e European College of Sports Science Annual Meeting July 2017 - Oral
Presentation

5.1 Introduction

Endothelial dysfunction is a precursor to atherosclerosis development (2.1.2) (Ross,
1999). The prevalence of endothelial dysfunction increases with age (Seals et al.,
2011), however, the exact mechanism of age-related declines in endothelial function
with age is unknown. Importantly, it appears unlikely that the decline in endothelial
function is due to accumulation of traditional CVD risk factors alone. As stated earlier
40% of CVD cannot be explained by traditional CVD risk factors resulting in the
hypothesis that changes in vascular structure and function contributes to the
remainder of this risk (Green et al., 2008, Joyner and Green, 2009, Mora et al., 2007,

Thijssen et al., 2010).

5.1.1 Ageing affects exercise-induced shear rate and endothelial

function
Shear stress is one known regulator of endothelial function (Davies, 2009). However,
it is unclear whether this decline in endothelial function with age is due to changes in
shear stress as few studies have investigated the effects of age upon shear. Young

et al. (2010) assessed differences in SR patterns between young and older
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participants in the more atheroprone common femoral artery. Older participants
demonstrated reduced anterograde SR and significantly increased retrograde SR
compared to younger participants (Young et al., 2010). This resulted in a lower overall
mean shear and higher volumes of oscillatory shear in the older group compared to
the younger group (Young et al., 2010). Additionally, femoral vascular resistance was
higher in the older group and was positively correlated to oscillatory shear in the older

group only (Young et al., 2010).

Older males who participated in lifelong endurance exercise had comparable
endothelial function and traditional CVD risk factors to younger endurance trained
males (DeSouza et al., 2000). This suggests that exercise preserved endothelial
function and exercise-induced SR contributed to the prevention of the age-related
decline (DeSouza et al., 2000). Similarly, when older sedentary males were given an
exercise intervention there was an improvement in endothelial function across the 4-
week training period (DeSouza et al., 2000). However, whilst endothelial function was
shown to improve in this study with no change in traditional CVD risk factors, the
shear response was not studied. Casey et al. (2016) studied brachial and common
femoral artery shear rates in young, older untrained and older endurance exercise-
trained adults. Similar to the above study older trained adults, showed no differences
in SR within the brachial artery compared to the younger group (Casey et al., 2016).
However, brachial retrograde SR and OSI were greater in older untrained compared
to younger adults (Casey et al., 2016). Common femoral artery retrograde SR and
OSI were reduced in older trained compared to older untrained adults however were
similar to younger participants (Casey et al., 2016). It appears that lifelong exercise
training prevents age related increases in retrograde SR and OSI which likely
contributes to the preservation of endothelial function in this population. Padilla et al.

(2011b) demonstrated age-related increases in resting retrograde and oscillatory SR
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in older compared to a younger population. However, this difference was abolished
at the onset of steady-state exercise in that there were no longer differences in
retrograde and oscillatory SR between the younger and older groups (Padilla et al.,

2011b).

5.1.2 Gender influences upon in-exercise shear rate and

endothelial function
Importantly, sex differences may also affect shear patterns as endothelial function
differs between males and females throughout the lifespan (Celermajer et al., 1994).
Females have a lower CVD risk prior to menopause compared to males, endothelial
function decreases and CVD risk increases rapidly following the menopause
(Celermajer et al., 1994). This results in comparable CVD risk in older males and
post-menopausal women (Celermajer et al., 1994, British Heart Foundation, 2012).
This has been attributed to the reduction of oestrogen production following the
menopause in addition to the rebalancing of testosterone and oestrogen in older
males which favours higher oestrogen production, therefore conveying greater
cardiovascular protection (Mendelsohn and Karas, 2005). This also occurs in
conjunction with lower physical activity levels in females compared to males
throughout the lifespan and further reductions in physical activity in females with age
(BHF, 2015). Oestrogen and physical activity play a vital role in maintaining healthy
endothelial function. Therefore, it may be hypothesised that mean shear also
decreases through increases in retrograde SR and OSI in older females which

contributes to impairment of endothelial function.

5.1.3 Interval exercise effects upon in-exercise shear rate
The current popularity of interval type exercise has resulted in assessment of the
effect of this type of exercise upon endothelial function. Some studies have shown

greater (Wislgff et al., 2007, Sawyer et al., 2016) or equivalent (Rakobowchuk et al.,
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2008) improvements in endothelial function following IT exercise training. The
mechanisms behind these changes, i.e. effect of SR pattern or intensity of the interval
exercise, was explored in regards to acute exercise in the previous chapter. Recently,
the introduction of aerobic interval training (AIT) has been shown to be an effective
intervention in improving endothelial function as assessed by FMD in chronic heart
failure patients (Wislgff et al., 2007). This type of exercise training utilises longer work
and recovery periods thus reducing the number of oscillations during the protocol and

uses a lower peak heart rate to enable the 4 minute work bout to be sustainable.

The ability of exercise to induce SR related improvements in acute endothelial
function was shown in a young healthy population in the first study of this thesis. This
first study originally hypothesised that IT exercise may induce oscillatory shear which
may have a detrimental impact upon markers of vascular health compared to
traditional CON exercise. However, whilst anterograde and retrograde shear rate
patterns were very different between CON and IT protocols as per the design of the
study, total volumes of SR were not different between exercise protocols. Mean OSI
did not differ between CON and IT exercise although all protocols did induce periods
of purely oscillatory SR. The incidence of purely oscillatory SR was greatest during
the short IT protocol which may be as a result of the multiple transients between work
and recovery throughout the exercise session and the high work rates. These periods
of purely oscillatory SR were not detrimental to acute endothelial function following
CON and IT exercise. However, accumulating this purely oscillatory SR across a
training period consisting of multiple training sessions may affect chronic vascular
health. Additionally, this acute study was conducted on a young healthy population
who were free of known CVD risk factors. Therefore, the effect of the periods of purely
oscillatory SR upon vascular health may be more relevant in a population with

increased CVD risk such as an older population.
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5.1.4 Ageing contributes to arterial stiffening

Arterial stiffness increases with age and further contributes to increased CVD risk
(Zaydun et al., 2006). Multiple mechanisms may contribute to age-associated
increases in arterial stiffness and are described in detail in section 2.2.1.8. Important
components of arterial stiffness are reduced compliance and distensibility in addition
to increased IMT, all of which are demonstrated in older populations (Simons et al.,
1999). These factors may affect shear patterns within the stiffened vessel of older
individuals (Heffernan et al., 2013). As the arteries become less elastic with age they
are less able to accommodate changes in pressure, for example through vasodilation.
It does not appear that arterial stiffness is related to increases in retrograde SR in the
superficial femoral artery (Heffernan et al., 2013). However, increases in retrograde
SR does appear to be associated with wave reflection intensity (Heffernan et al.,
2013). Wave reflections create pressure which can determine flow profiles and may

contribute to flow reversal and amplitude of shear (O'Rourke and Avolio, 1980).

5.1.5 Shear rate effects upon chronic miR-21 expression

Shear stress not only affects endothelial function and arterial stiffness but can also
regulate microRNA expression in endothelial cells. In-vitro studies have shown that
specifically miR-21 can be regulated by shear stress experienced by endothelial cells
(Zhou et al., 2011, Weber et al., 2010). Artificially induced oscillatory shear stress has
been shown to upregulate miR-21 within cultured human umbilical vein endothelial
cells (HUVECS) (Zhou et al., 2011). Contrastingly, Weber et al. (2010) has shown that
miR-21 stimulated by laminar shear stress can promote anti-atherogenic factors
within the endothelium. In the previous study of this thesis, miR-21 was proposed as
a potential biomarker of shear response. Different patterns of SR promoted by the
different exercise protocols used in the first study did not appear to differentially affect

acute miR-21 expression. However, all exercise protocols induced mainly laminar SR
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which may account for the lack of differences observed in acute miR-21 expression.
Similarly, miR-21 expression may be regulated by volume of SR rather than pattern
and these were matched closely between the four exercise protocols in the first study.
It is unclear in the literature whether circulating miR-21 expression could also be a
potential biomarker of chronic SR as promoted by an exercise intervention or whether
miR-21 is only responsive to acute changes (Baggish et al., 2011). There are also
few studies which have studied the effects of ageing upon miR-21 expression and
therefore whether miR-21 expression will be differentially affected between younger

and older populations following the exercise training intervention.

5.1.6 Aims and hypothesis
The research question of this present study was to investigate whether four weeks of
exercise training altered shear rate patterns in younger and older participants and

how these shear rate patterns affected acute and chronic FMD.
Therefore, the aims of this study were to:

evaluate exercise-induced shear rate patterns during aerobic interval exercise
(AIT) and traditional moderate continuous (CON) exercise pre and post 4 weeks
of exercise training,
assess the effect of acute and chronic exercise-induced shear rate patterns on
markers of vascular health, and
determine the interaction between acute and chronic changes in SR patterns, age
and gender.
It was hypothesised that shear rate patterns would differ between AIT and CON
exercise protocols, genders, age groups and from pre to post 4 weeks of exercise
training. Additionally, AIT would produce the greatest improvements in acute and
chronic markers of vascular health with the most beneficial improvement observed in

the older population and little differences between the genders.
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5.2 Methods

5.2.1 Participants

Participants were recruited as described in section 3.2. Twenty-seven sedentary but
healthy participants (12 male: 15 female, aged 20-35 years or 45-60 years)
volunteered for this study. All participants were free of current or previous risk factors
associated with cardiovascular and respiratory diseases and metabolic disorders,
further details of exclusion criteria are provided in section 3.2. An initial health
screening, comprising a health questionnaire, a resting 12 lead ECG, three supine
blood pressures, height and weight, was used to ensure all participants were safe to
participate in the study. The resting ECG and blood pressures were checked by a
cardiologist for abnormalities which would preclude participants from taking further
part in the study. Participants with ECG abnormalities or multiple resting BPs of
2140/90 were provided with a Doctor’s note and were excluded from the study until
further investigation had been undertaken (Figure 5.1). A GP note stating participants
were fit and well to continue the study was required before participation could be
resumed. The University of Leeds ethics committee approved the study protocols

which were in accordance with the declaration of Helsinki (BIOSCI 15-008).
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Responded to recruitment
materials

N=92

A4

Attended laboratories for
initial health screening

N=41

¢ Did not fit inclusion criteria
o Age
o Activity level
o Diseases listed in exclusion

criteria

¢ Did not respond to further
communications

¢ No longer wanted to participate
o Time commitment
o Not interested

\ 4

Completed pre-training
assessments

N=30

e Required GP follow up before

further participation in the study:

o Resting ECG abnormalities
(n=6)

o Resting BP >140/90 over three

attempts (n=4)
¢ Did not respond to
communications (n=1)

A4

Completed post-training
assessments

N=27

Dropped out during training

e lllness (n=1)
¢ Did not respond to
communications (n=2)

Figure 5.1 Consort diagram for the present study
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5.2.2 Experimental procedure

Informed consent was received in writing from all participants prior to data collection.
Participants were invited to attend the laboratory for an initial health screening and to
ensure participants met the inclusion criteria. Participants who met the inclusion
criteria and passed the health screening returned on a separate day for the second
visit. Visit 2 included ultrasound assessment of the carotid artery to determine arterial
stiffness and a standard ramp incremental exercise test (RIT) on a semi-recumbent
cycle ergometer for determination of VO2peak and HRpeax (See section 3.5). Participants
were asked to abstain from exercise and alcohol in the 24 hours prior to the lab visit
plus food and caffeine in the 2 hours prior to this visit. Following the second visit
participants were matched on age, gender, BMI and VO2peak before being randomly
assigned to either the moderate continuous (CON) or aerobic interval (AIT) training

groups.

For the third visit participants reported for testing following >8 hours overnight fasting
and abstinence of caffeine, alcohol and strenuous exercise for 24 hours as described
in section 3.6.1. Protocols were completed in standardised testing conditions in a
quiet, darkened, temperature controlled laboratory. A venous blood sample (10 ml)
was taken at the antecubital fossa on the arm not intended for subsequent FMD
measurement. Participants completed >10 min semi-recumbent rest prior to
ultrasound recordings of resting brachial artery diameter and pre-exercise FMD.
Participants then began the prescribed exercise protocol consisting of >3 min warm
up and 32 min of either CON or AIT followed by >2 min cool down on a semi-
recumbent cycle ergometer. During each exercise protocol heart rate, breath by
breath gas exchange and Duplex ultrasound of the brachial artery were recorded.
Following cessation of the exercise, participants completed a further 15 min semi-

recumbent rest before post-exercise resting diameter and FMD were recorded for
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assessment of acute endothelial function. Visits 4 — 9 consisted of laboratory based
exercise training twice per week for 4 weeks on an upright cycle ergometer. During
training sessions participants wore heart rate monitors and perceived rate of exertion
(RPE) was recorded at the end of each training session. Participants were also asked
to undertake an additional home based exercise session each week which produced

similar levels of perceived exertion.

Visit 10 was a repeat of visit 3 consisting of a venous blood sample prior to a 10 min
rest period which preceded brachial artery ultrasound recordings for pre-exercise
resting diameter and FMD. This was followed by the monitored exercise session
where heart rate, breath by breath gas exchange and Duplex ultrasound of the
brachial artery were recorded. 15 min post exercise the FMD was repeated. The same
site of the brachial artery was imaged pre and post-acute exercise and training for
each individual participant. The 11" (final) visit comprised of an assessment of body
weight, followed by a 10 min period of supine rest before 3 blood pressures were
recorded. This was followed by a carotid artery ultrasound scan and maximal RIT. A

schematic of the experimental protocols can be viewed in Figure 5.2.
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5.2.3 Anthropometry and blood pressure

Anthropometric measures were performed pre-and post-exercise training, described
in detail in section 3.4. Anthropometric measures included height and weight to
assess changes in body mass and BMI that may result from the prescribed exercise.
Additionally, three supine resting blood pressures were recorded pre-and post-

training.

5.2.4 Assessment of cardiorespiratory fitness

All participants completed a standard RIT pre-and post-training on a semi-recumbent
cycle ergometer, as described in section 3.5. The ramp rate varied between 12 W/min
to 20 W/min and was selected based on an estimation of individual participant’s
fithness level. The RIT allowed determination of absolute and relative VOzpeak, lactate
threshold and HRpeak. Relative VOgpeak prior to training was used in matching
participants before randomisation into training groups. HRpeax at the end of the test
allowed work rates for the training sessions to be prescribed on an individual basis.
These variables, in addition to LT, were important for comparisons post training to
evaluate the effectiveness of the respective training interventions upon markers of

cardiorespiratory fitness.

5.2.5 Assessment of endothelial function

Endothelial function was assessed via brachial artery FMD, conducted in accordance
with previous guidelines (Thijssen et al., 2011) and as described in section 3.6.
Participants rested in the semi-recumbent position for 10 minutes prior to recording
of resting brachial diameter. A blood pressure cuff was then immediately inflated to
>200 mmHg around the forearm for 5 min. Diameter and blood flow velocity were
recorded continuously 30 s prior to cuff deflation and continued for 2 min 30 s post

cuff deflation.
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Diameter and blood flow velocity at rest and during FMD at all four time points were
conducted using automated, commercially available, edge detection software
(Brachial Tools V5; Medical Imaging Applications, Coralville, IA, USA) (described in
sections 3.6.4 and 3.6.5). The outcome measures provided by this software were
resting and peak diameter which provided absolute and relative FMD in addition to
peak hyperaemia, peak SR, area under the curve (AUC) for 60 and 90 s following cuff

deflation and time to peak diameter.

5.2.6 Assessment of microRNA — 21 expression

Blood samples were processed into plasma or platelet free plasma (described in
section 3.10), before being frozen at -80°C for subsequent analysis. RNA was
extracted from the thawed platelet free plasma following the procedures detailed in
section 3.11.1. Quantification of miR-21 pre-and post-exercise training was then
determined via real time PCR, as described in section 3.11.2, and expression

reported relative to spike-in control cel-miR-39.

5.2.7 Assessment of carotid artery stiffness

Participants were required to rest in a supine position for 210 min before brachial
artery blood pressure was recorded. An ultrasound probe was used to obtain a 2D
image of the right carotid artery, proximal to the carotid bulb and bifurcation. Upon
optimisation of the tunica media and tunica intima of the near and far walls, three 20
s videos were recorded at 15 fps using Vascular Imager (Medical Imaging

Applications, Coralville, 1A, USA).

Video recordings of the carotid artery were analysed using automated edge detection
software which tracked the walls of the artery throughout the recordings (Carotid
Analyser; Medical Imaging Applications, Coralville, 1A, USA). The software

automatically determined carotid artery diameter in addition to intima-media thickness
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(IMT) of near and far walls, arterial distensibility and compliance, as described in

section 3.9.

5.2.8 In-exercise VO2, HR and shear rate responses

The first (visit 3) and final (visit 10) training sessions were monitored for HR and gas
exchange via a 12-lead ECG and breath by breath system respectively. Duplex
ultrasound was used to assess anterograde and retrograde shear rates in the brachial
artery during the first and final exercise training sessions, using procedures described
in section 3.7. Following optimisation of the B-mode image and the Doppler signal,
recording started 30 s before the end of the unloaded warm up period. Recordings
lasted 4 minutes before a 30 s pause, required for storage of the recording, then the
next 4 minute recording began and continued in this manner until the final recording

which ended 1 min into the cool down.

In-exercise brachial diameter and blood flow velocity were analysed in Brachial Tools
(Medical Imaging Applications, Coralville, 1A, USA) as described in section 3.7.2. The
Doppler blood flow signal was inverted during analysis to determine retrograde blood
flow velocity in the same way as anterograde blood flow velocity. A confidence limit
of 70% around the near and far walls of the artery was applied to all frames with
frames falling outside of this cut off excluded. Brachial artery diameter, anterograde
and retrograde SR and OSI (equations in section 3.7.2) were obtained for each
participant. Mean, maximum, minimum and total values for shear rate parameters

were calculated for each participant during in the first and final training sessions.

5.2.9 Exercise training protocols

Participants were divided into four groups dependent upon age (young 20-35 yrs.,
older 45-60 yrs.) and gender before being randomly assigned to either CON or AIT
groups following matching of BMI and VOgzpeax- Both exercise protocols were 32 min

in duration with the CON protocol prescribed at a work rate equivalent to 65-70%
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HRpeak- The AIT protocol consisted of 4 repeated 4 min “work” bouts at a work rate
equivalent to 85-90% HRpeax interspersed with 4 repeated 4 min “recovery” bouts at
a work rate equivalent to 60-65% HRpeak. HRpeak Was determined as the highest heart
rate achieved at the end of the maximal RIT. The first and last exercise training
sessions were conducted on a semi-recumbent cycle ergometer to allow in-exercise
Duplex ultrasound of the brachial artery. Visits 4-9 consisted of laboratory based
exercise training sessions performed on an upright cycle ergometer (LODE Corival,
Lode BV, Groningen, Netherlands) twice per week for the duration of the training
intervention. These sessions consisted of a 3 min warm up period at 10 W before
beginning the CON or AIT protocols, followed by a >2 min cool down at 10 W. During
training sessions (visits 4-9) participants wore a standard heart rate monitor with chest
strap (Polar V800; Polar Electro, Warwick, UK) to confirm they met the target HR
zones. The work rate of the training sessions were adjusted to ensure participants
were within their target HR zones. At the end of each exercise session participants

provided RPE.

5.2.10 Home based exercise sessions

Participants were asked to complete an additional home based exercise session each
week, in addition to the two lab based exercise sessions. Participants were asked to
perform the home based exercise session in the same manner as the exercise based
sessions, i.e. continuous or interval. Participants in the CON group were asked to
perform 30 minutes of steady exercise, whereas participants in the AIT exercise group
were asked to perform 4 minutes of harder exercise interspersed with 4 minutes of
recovery, repeated 4 times. The perceived rate of exertion experienced during the lab
based exercise sessions was replicated during the home based exercise sessions to

roughly match the exercise intensity and heart rates attained. Adherence to the home
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based exercise sessions was monitored through verbal self-reporting by the

participants to the experimenter.

5.2.11 Statistical analysis

A formal power calculation was performed using http://hedwig.mgh.harvard.edu

[sample_sizel/js/js parallel guant.html. FMD was used as the primary outcome

measure. Using previous FMD data from our laboratory 52 participants would provide
an 80 percent probability of detecting a treatment difference at a two-sided 0.05
significance level, if the true difference between treatments is 2.00 units. This is based
on the assumption that the standard deviation of the response variable is 2. The
calculation assesses age differences with gender to be assessed post hoc. To

account for drop outs a sample size of 60 was sought during recruitment.

Data were analysed using SPSS (IBM SPSS Statistics 21). Firstly, data were
assessed for normality using Shapiro-Wilks, these variables were analysed further
using parametric tests. Log transformation was conducted on variables which were
not normally distributed. If log transformation was not possible then non-parametric
tests were subsequently conducted. A one-way ANOVA was used to assess group
differences (age: younger vs. older, gender: male vs. female, exercise protocol: AIT
vs. CON) pre exercise training. A general linear model was utilised to assess time
(pre vs. post training or first vs. final exercise training session) by group (age: younger
vs. older, gender: male vs. female, exercise protocol: AIT vs. CON) interactions on
dependent variables. A separate general linear model was used to assess endothelial
function and variables associated with FMD at 4 time points: pre and post-acute
exercise prior to training (FMD 1 v FMD 2), pre and post-acute exercise following
exercise training (FMD 3 v FMD 4) and the chronic response to exercise training

(FMD1 v FMD3). Post — hoc analysis was carried out where appropriate. Pearson
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correlations were used to identify relationships between normally distributed

variables.

Post — hoc power analysis of main outcome variables (FMD, OSI, anterograde and
retrograde SR) were calculated following determination of beta probability in SPSS.

Power was calculated using:

1-beta probability

Equation 21
Ad(ditionally, for the aforementioned variables, partial eta squared (n?) and the 95%

confidence intervals (Cl) were reported. The thresholds for effect size when using
partial n? were small effect = 0.0099, medium effect = 0.0588, large effect = 0.1379

as per Cohen (1977).
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5.3 Results

5.3.1 Participant characteristics and anthropometric responses to

exercise training
In this section variables assessed prior to and following training are referred to with
the terms “pre” and “post”. Prior to beginning the exercise training, participants (n=27)
were divided into groups based upon age and gender. The characteristics of these
groups are displayed in Table 5.1. Prior to exercise training, weight was lower in
females versus males (gender effect p=0.03). Additionally, SBP was 7% lower in the
younger compared to the older group at this point (ageing effect p=0.05) with a trend
for lower SBP in females compared to males (gender effect p=0.08). Pulse pressure
(PP) was 8.5 mmHg lower in females compared to males (gender effect p=0.004). An
ageing effect for 14% higher DBP (p=0.001) and 11% higher mean arterial pressure
(MAP) (p=0.002) in the older group prior to exercise training was also observed.
Therefore, pre-training weight, SBP, DBP, MAP and PP were used as covariates in

subsequent analysis of training effect.

Following the 4-week exercise training intervention weight decreased by 0.5 kg (time
effect p=0.001) irrespective of age (p=0.28), gender (p=0.41) or exercise protocol
(p=0.35). BMI did not change across the training period (time effect p=0.10). Systolic
BP showed a trend for an increase of 0.63 mmHg (time effect p=0.06). Diastolic BP
decreased by 0.4 mmHg (time effect p=0.02) and MAP decreased by 0.1 mmHg (time
effect p=0.05) with training irrespective of age, gender or exercise protocol (p>0.05).
Pulse pressure increased by 1.07 mmHg with training (time effect p=0.001).
Additionally, there was a trend for a significant time by age by gender effect (p=0.06)
suggesting younger females showed a decrease in PP with training whilst increases
were observed in young males and older males and females. Furthermore, there was

an interaction between time, gender and exercise protocol (p=0.01) which indicated
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that females who underwent CON training showed an increase in PP (3.73 mmHg),
whilst females completing AIT training showed a decrease (5.02 mmHg). Both training
conditions appeared to increase PP in males (CON 1.09 mmHg), with more of an

increase following AIT (5.27 mmHg).
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Table 5.1 Participant characteristics across the 4 week exercise training intervention as divided by age and gender. Values reported as

mean+SD.
Young Older
Males Females Males Females

N 7
Age (yr) 235+5.9 26.6 +5.0 51.5+6.5 54.0+5.7
Height (m) 1.8+0.1 1.7+0.1 1.8+0.1 1.6+0.1

Pre Post Pre Post Pre Post Pre Post
Weight (kg) *tt 78.1+ 77.6 +14.7 66.1 + 65.8+15.1 94.8 + 8.6 93.8+11.1 69.9+24.0 | 70.1+23.6

14.6 15.3
BMI (kg/m?) 247+43 245+ 3.7 244+ 6.3 242+55 30.3+1.8 30.0+2.6 27.0+6.8 27.0+6.8
SBP (mmHg) § 118+ 7 118+9 106 £ 12 107 £ 10 124 + 12 121 +8 1199 122 +13
DBP (mmHg) § 737 718 717 72+6 81+11 7910 8316 83+6
MAP (mmHg) § 87.8+6.7 86.6+7.6 82.8+8.3 83.7+6.9 949 + 92.8+9.7 95.2+4.6 96.4+7.2

10.9

PP (mmHg) t 45.0+6.2 46.8 £ 5.2 34.6 £ 6.5 34.3+6.8 42.8 £+ 3.8 41.8+2.8 35.6+11.7 | 38.7+11.3

* indicates significant time effect (pre v post) at the p<0.05 level
t indicates significant gender effect (male v female) prior to training at the p<0.05 level
§ indicates significant ageing effect (young v older) prior to training at the p<0.05 level
1 indicates significant time (pre v post) x gender (male v female) interaction at the p<0.05 level
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5.3.2 Exercise tolerance measures across the exercise training
period
Exercise tolerance data pre-and post-4 weeks of exercise training are displayed in
Table 5.2. Prior to the exercise training intervention absolute VOzpeak demonstrated a
significant effect of gender (Female 1.90 + 0.45 v Male 3.22 + 0.58 Lmin; p=0.001),
whilst relative VOazpeak Was 8.4 ml/kg/min higher in younger than older participants
(p=0.01) and 9.2 mil/kg/min higher in males than females (p=0.002). Similarly, prior to
exercise training lactate threshold and work rate peak were 0.77 Lmin? and 102 W
higher respectively in males compared to females (p=0.001). Heart rate peak attained
at the end of the RIT was 13% higher in younger compared to older participants prior
to the exercise intervention (p=0.002). Therefore, pre-training absolute and relative
VOgzpeak, LT, WRpeak and HRpeak Were used as covariates in subsequent analysis of

training effect.

Resting heart rate demonstrated a 7 bpm reduction (time effect p=0.01) across the 4-
week training period irrespective of age (p=0.12), gender (p=0.73) or exercise
protocol (p=0.81). Additionally, there was a trend for a significant time by gender by
exercise protocol effect (p=0.06). The greatest reduction in resting HR over the
training period occurred in females who completed CON exercise (12 bpm) and males
completing AIT exercise (11 bpm) compared to females in the AIT (4 bpm) and males
in the CON exercise groups (1 bpm). Unloaded VO at the beginning of the RIT should
not vary between tests and is determined from the legs moving against gravity only.

Indeed, unloaded VO did not change over time (time effect p=0.19).

5.3.2.1 Exercise training effects upon cardiorespiratory fitness

Absolute VOzpeak Showed a significant increase of 6% (time effect p=0.05) with training
and a greater increase in males (8%) compared to females (3%) (time by gender
interaction p=0.02, Figure 5.3). There was also a significant time by age by gender
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by exercise protocol interaction (p=0.02, Figure 5.3). This interaction indicated that
absolute VOqpeak increased in all groups other than older females who undertook CON
exercise training, with the greatest improvement occurring in older males in the CON
exercise training group (Young: Female CON +0.17, Female AIT +0.15, Male CON
+0.24, Male AIT +0.27 Lmin; Older: Female CON -0.25, Female AIT +0.18, Male
CON +0.44, Male AIT +0.14 Lmin?). Older females appeared to benefit more with AIT
exercise training, older males with CON exercise training, whilst younger males and
females showed that CON and AIT appeared to be equally effective in improving

absolute VOgpeak.
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Figure 5.3 Absolute VOzpeak determined from the pre (black bars) and post (grey bars) RIT as
divided by age groups (young v. older), gender (male v. females) and exercise training group
(CON v. AIT). Data presented as meantSD. * indicates significant time effect (pre v post), Y
indicates significant time x age x gender x exercise protocol interaction at the p<0.05 level.

Relative VOazpeak did not change with training (time effect p=0.16, Table 5.2) although
there was a trend for a greater increase in relative VOzpeak in males (9%) than females
(4%) (time x gender interaction p=0.06). Lactate threshold demonstrated a significant
increase (time effect p=0.01) and a significant time by age by gender by exercise
protocol effect (p=0.003, Figure 5.4). It appears that AIT exercise training provides
the greatest improvement in the young male group whilst CON exercise training

produced the greatest improvement in older males. Older females demonstrated the
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greatest improvement following AIT exercise training whilst younger females

benefitted from both exercise training conditions.
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Figure 5.4 Lactate threshold determined from pre and post RIT as divided by
age groups (young v. older), gender (male v. females) and exercise training
group (CON v. AIT). Data presented as mean+SD. * indicates significant time
effect (pre v post) at the p<0.05 level.

Work rate peak did not change across the 4-week training period (time effect p=0.11,

Table 5.2). HRpeak did not change with training (time effect p=0.86, Table 5.2).

Therefore, it appears that AlT exercise training provides the greatest improvement in
exercise tolerance measures the young male group whilst CON exercise training
produced the greatest improvement in older males. Older females demonstrated the
greatest improvement following AIT exercise training whilst younger females

benefitted from both exercise training conditions.
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Table 5.2 Exercise tolerance measures across the 4 week exercise training period. Participants were divided into young and older age
groups before being randomised to CON or AIT training groups. Variables were assessed during the initial RIT and again during the
post training assessment where the RIT was repeated. Values reported mean+SD.

Younger Older

CON AIT CON AIT

Pre Post Pre Post Pre Post Pre Post
Resting Heart | 79 £ 17 70+ 6 77 +£13 6511 78+ 14 73+9 65+9 62 + 10
Rate (bpm)* §
Unloaded VO, | 055+0.13 | 0.59+0.06 053+0.12 0.51+0.10]054+£0.10 0.52+0.11 0.48+0.08 0.55%0.12
(L/min) ¢
Relative  VOgpeak | 35.4+84 38.3+93 39.6+9.2 43.1+105|28.4+10.2 283+114 278+6.4 30.2+53
(ml/kg/min)
Heart Rate Peak | 175+ 22 174 £ 23 173 £13 175+ 12 157 +9 149 £ 15 144 + 18 151 + 16
(bpm) 18
Work Rate Peak | 202 + 48 211 +49 209 + 67 222+ 74 175+ 79 177 £ 89 169 * 62 184 + 57

(W)#

* denotes significant time effect (P<0.05)

1 denotes significant time x exercise interaction (P<0.05)
8§ denotes significant time x gender x exercise interaction (P<0.05)

1 denotes significant time x age by exercise interaction (P<0.05)

# denotes significant time x age x gender x exercise interaction (P<0.05)
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5.3.3 In-exercise VO, and heart rate responses to the exercise

protocols
In-exercise VO, and HR responses to the first exercise training session were
assessed for differences between age groups, gender and exercise protocols. No
effects of ageing were observed (p>0.05), however females demonstrated
significantly lower mean VO (p=0.001), peak VO, (p=0.001), work rate (p=0.05) and
energy expenditure (p=0.002) compared to males. Furthermore, AIT exercise
resulted in higher peak VO; (p=0.05), mean HR (%HRpeak) (p=0.002), mean VO
(%VO2peak) (p=0.01) and maximum HR (p=0.001) compared to CON exercise.
Therefore, the aforementioned variables were used as covariates during subsequent

analysis of training effects.

5.3.3.1 Pattern of exercise influenced VO2 recorded during exercise

protocols
The pattern of VO during the first and final exercise training sessions was driven by
the work rate profile resulting in very different VO, patterns between CON and AIT
protocols (Figure 5.5). Unlike the first study in this thesis, VO, was not matched
between exercise protocols. This resulted in differences in the intensity of the exercise

as both mean and peak VO; were anticipated to be different between protocols.
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Figure 5.5 VO during the first exercise training session (black circles) and the final exercise training session (red circles). Panel A
shows arepresentative participant (young male) in the AIT group. Panel B shows a representative participant (young female) in the

CON group.
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Mean VO. during the final exercise training session was 3.5% higher than mean VO
in the first exercise training session (time effect p=0.001, Figure 5.6). Additionally,
there was a time by exercise protocol interaction (p=0.02) with mean VO during the
exercise sessions increasing more in CON (11%) than AIT (-3%) from the first to the
final training session. No effect of age (p=0.16) or gender (p=0.68) was observed
(Figure 5.6). There was also a significant interaction of time by age by gender by
exercise protocol during the training sessions (Young: Female CON +0.14, Female
AIT +0.09 Lmint; Male CON +0.17, Male AIT -0.05 Lmin*; Older: Female CON -0.01,
Female AIT +0.07 Lmin; Male CON +0.30, Male AIT -0.30 Lmin; p=0.02, Figure
5.6). This showed that mean VO, increased most in participants who were assigned
to CON exercise training with the exception being the older females. When mean VO
during the training sessions was reported as a percentage of VOgzpeak from the RIT

there was a significant decrease from 55% to 54% with training (time effect p=0.001).
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Figure 5.6 Mean VO, determined from the monitored exercise training session
pre (black bars) and post (grey bars) the exercise training intervention as
divided by age groups (young v. older), gender (male v. females) and exercise
training group (CON v. AIT). Data presented as meantSD. * denotes a
significant time effect and a significant time by age by gender x exercise
protocol interaction at the p<0.05 level.

Peak VO, attained during the monitored exercise training sessions demonstrated a
significant increase from the first to final session (time effect: First 2.08 £ 0.76 L/min,
Final 2.17 + 0.77 L/min; p=0.004). A trend for a larger increase was observed in
participants who were in the CON training group compared to the AIT training group

(First: CON 1.79 £ 0.58 L/min, AIT 2.35 £ 0.83 L/min; Final: CON 1.95 £ 0.68 L/min,
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Peak VO, (Lmin™)

AIT 2.38 + 0.81 L/min; time by protocol p=0.06). Additionally, there was a significant
interaction between time, age, gender and exercise protocol (p=0.04) as can be seen
in Figure 5.7. When peak VO; during the exercise sessions was reported as a
percentage of VOzpeak from the RIT there was no significant effect of time (p=0.35), or
interactions with age (p=0.41), gender (p=0.50) or exercise protocol (p=0.13).
However, as expected AIT produced a significantly higher peak VO: (%VO2peak)

compared to CON (CON 71.9 £ 11.7 %, AIT 95.5 + 9 %; p=0.001).

—&— Young Female CON
—&— Young Female AIT
* —@— Young Male CON
3.0 9 [ | | —®—Young Male AIT
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—@— Older Female AIT
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Figure 5.7 Peak VO, determined from the first and final exercise training sessions as
divided by age groups (young v. older), gender (male v. females) and exercise training
group (CON v. AIT). Data presented as meanzSD. * indicates significant time effect (pre
v post) and time by age by gender by exercise protocol interaction at the p<0.05 level.
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The lowest VO, attained during the exercise sessions showed a significant effect of
time (First 0.40 £ 0.22 L/min, Final 0.41 £ 0.11 L/min; time effect p=0.001) but no
significant interaction with age (p=0.63), gender (p=0.84) or exercise protocol
(p=0.44). The lowest VO- during the exercise sessions reported as a percentage of
VOgzpeak from the initial RIT showed no significant effect of time (p=0.93), or interaction
with age (p=0.64), gender (p=0.78) or exercise protocol (p=0.22). However, overall
the lowest VO, attained was higher in females than males (gender effect Females

19.8 + 7.4 %, Males 14.3 =+ 7.1 %; p=0.02).

5.3.3.2 The pattern of exercise influenced heart rate recorded during

the exercise protocols
Heart rate was recorded during the first and final exercise training sessions and
demonstrated different patterns as per the intention of the study. By design, the heart
rate attained during the AIT and CON exercise protocols were different. AIT was used
to drive heart rate higher than the CON protocol and is evident in Figure 5.8. Due to
the nature of the exercise protocols used, the pattern of heart rate was driven by the

work rate profile.
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Figure 5.8 HR during the first exercise training session (black line) and the final exercise training session (red line). Panel A shows a
representative participant (young male) in the AIT group. Panel B shows a representative participant (young female) in the CON group.
The blue boxes demonstrate the target heart rate zone participant were prescribed based on the exercise group they were randomised to.
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Mean HR recorded during the exercise sessions showed no significant time effect
(p=0.40, Figure 5.9). Mean HR during the exercise sessions as a percentage of HR
peak attained during the RIT decreased by 1% from the first to the final training
session (time effect p=0.02) irrespective of age (p=0.63), gender (p=0.41) or exercise

protocol (p=0.50).
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Figure 5.9 Mean HR determined from the monitored exercise training session
pre (black bars) and post (grey bars) the exercise training intervention as
divided by age groups (young v. older), gender (male v. females) and exercise
training group (CON v. AIT). Data presented as mean+SD.* denotes a significant
time by age interaction (p<0.05).
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Maximum HR attained during the exercise sessions decreased from 142 to 139 bpm
from the first to final exercise session (p=0.02), with no interaction with gender
(p=0.67) or exercise protocol (p=0.27). However, younger participants attained a
significantly higher maximum HR compared to older participants (time by age
interaction First: Younger 146 + 22 bpm, Older 138 + 22 bpm; Final: Younger 148 +
19 bpm, Older 130 % 16 bpm; p=0.01). Maximum HR during exercise reported as a
percentage of HRpeak attained during the initial RIT was significantly higher at the first
compared to the final training session (First: 87 = 14 % Final: 85 + 11 %; time effect

p=0.001) irrespective of age (p=0.65), gender (p=0.86) or exercise protocol (p=0.50).

The minimum HR attained during the exercise sessions did not significantly change
from the first to final exercise training session (time effect p=0.53), nor demonstrate
any significant interactions with groups (p>0.05). Minimum heart rate was lower in
males than females (gender effect Females: 87 + 12 bpm, Males 76 + 12 bpm;
p=0.01).

5.3.3.3 Changes in work rate and energy expenditure from the first to

the final exercise training session

The mean work rate used in the training sessions showed a significant increase from
the first to the final exercise training session (First: 88 + 46 W, Final: 98 + 47 W; time
effect p=0.001) irrespective of age (p=0.79), gender (p=0.40) or exercise protocol
(p=0.22). Mean work rate was higher in males than females (gender effect Females
76 £ 38 W, Males 117 + 49 W; p=0.04). Mean energy expenditure showed a
significant increase from the first to the final exercise training session (First: 129.1 +
60 KJ, Final: 148 + 62 KJ; p=0.002) irrespective of the exercise protocol undertaken
(p=0.21). Females had a lower mean energy expenditure compare to males (Females

108 + 43 KJ, Males 182 + 58 W; p=0.003).

5.3.4 In-exercise shear rate patterns pre and post training
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In-exercise SR responses to the first exercise training session were assessed for
differences between age groups, gender and exercise protocols. Ageing had a
significant effect on time spent at an OSI>0.5 (p=0.01) with younger participants
spending less time at purely oscillatory SR (11.9 s) compared to older participants
(64.9 s). In-exercise brachial artery diameter was significantly lower in females (3.31
mm) compared to males (4.15 mm) (p=0.001). Furthermore, AIT exercise induced
higher mean (p=0.01) and total (p=0.02) retrograde SR compared to CON exercise.
Therefore, the aforementioned variables were used as covariates during subsequent

analysis of training effects.

5.3.4.1 Patterns of anterograde and retrograde SR from the first to the

final exercise training session
Patterns of volumetric blood flow and anterograde and retrograde SR mirrored the
exercise profile set (either CON or AIT) across both age groups and genders, shown
in Figure 5.10 and Figure 5.11. These SR patterns were consistent with work rate,
VO, and HR during all protocols. As in the first study of this thesis anterograde SR
continued to increase throughout each exercise protocol in both exercise groups.
Retrograde SR exhibited the opposite pattern to anterograde SR with a gradual

reduction throughout each protocol observed.

In the final exercise training session, patterns of anterograde and retrograde SR once
again followed the exercise profile. There appeared to be little difference in
anterograde and retrograde SR between in the first and final training sessions
between the young CON and AIT groups. However, compared to the first exercise
training session there appeared to be a reduction in retrograde SR in the older CON

and AIT groups.
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Figure 5.10 Group mean in-exercise second by second anterograde (black circles), forward blood flow (gray circles), backward blood flow (blue
circles) and retrograde (red circles) SR patterns for younger participants in the first and final exercise training session divided by exercise protocol
(CON vV AIT). The shaded area represents the work rate profile for each exercise protocol.
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Brachial artery diameter during exercise demonstrated a small increase in younger
participants with a small decrease in older participants from the first to the final
exercise training session (time and age interaction First: Younger 3.68 + 0.59 mm,
Older 3.68 + 0.69 mm; Final Younger 3.72 £ 0.59 mm, Older 3.65 + 0.64 mm;
p=0.003). Additionally, there was a significant interaction between time, age and
gender (Younger Female +0.03, Male +0.04 mm; Older Females +0.02, Male -0.09
mm; p=0.03, Figure 5.12). This indicated that brachial artery diameter recorded
throughout exercise increased from the first to the final exercise training session in
younger males and females and older females, however a reduction was observed in

older males.
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Figure 5.12 Group mean brachial artery diameter recorded during the first and final
exercise training sessions divided by age (younger v older) and gender (female v male).
There was no change in diameter across the exercise training intervention however
there was a significant time by age by gender interaction (* denotes significance at the
p<0.05 level).
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Mean anterograde SR did not change over the 4-week exercise training intervention
(95% CI 752.1 — 940.2 s, time effect p=0.40, partial n? = 0.05, power = 0.82; Figure
5.13). Additionally, there was no interaction of age (p=0.88, partial n?> = 0.004, power
=0.94), gender (p=0.65) or exercise protocol (p=0.17, partial n? = 0.10, power = 0.67).
Mean anterograde SR and mean HR throughout the recorded sessions were

significantly correlated (r=0.46, p=0.001).
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Figure 5.13 Group mean anterograde shear rate determined from the monitored
exercise training sessions pre (black bars) and post (grey bars) the exercise
training intervention as divided by age groups (young v. older) and exercise
training group (CON v. AIT). Data presented as meantSD. There was no
significant change in mean anterograde SR over the exercise training
intervention (p>0.05).

Mean retrograde SR decreased with exercise training (95% CI -197.6 — -142.3 s71,
time effect p=0.01, partial n? = 0.07, power = 0.75; Figure 5.14) although this was not
affected by age (p=0.12, partial n? = 0.14, power = 0.55), gender (p=0.62) or exercise

protocol (p=0.62, partial n?> = 0.08, power = 0.73). Overall CON exercise induced
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lower mean retrograde SR (-134.58 + 78.97 s) compared to AIT (-205.05 + 56.96 s
1) exercise (exercise protocol effect p=0.02). Mean retrograde SR recorded
throughout the exercise sessions was significantly correlated with mean VO
(%VOgzpeak; r=-0.47, p=0.001), mean HR (r= -0.35, p=0.01) and mean HR (Y%HRpea;

r=-0.32, p=0.02).
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Figure 5.14 Group mean retrograde shear rate determined from the monitored
exercise training sessions pre (black bars) and post (grey bars) the exercise
training intervention as divided by age groups (young v. older) and exercise
training group (CON v. AIT). Data presented as mean+SD. * denotes significant
time effect at the p<0.05 level.

Total anterograde SR was not significantly different across 4 weeks of exercise
training (time effect p=0.22, 95% CI 1278417 — 1599378 s, partial n?> = 0.07, power
= 0.77). However, total retrograde SR significantly reduced by 11% with training (time
effect p=0.01, 95% CI -333983 — -241742 s?, partial n?> = 0.06, power = 0.79).
Furthermore, there was no significant interaction of total anterograde and retrograde
SR with age (Anterograde SR: p=0.70, partial n? = 0.01, power = 0.93; Retrograde

SR: p=0.06, partial n?> = 0.14, power = 0.53), gender (p>0.05) or exercise protocol
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(Anterograde SR: p=0.16, partial n? = 0.08, power = 0.72; Retrograde SR: p=0.22,
partial n? = 0.07, power = 0.77). Greater volumes of retrograde SR were experienced
in the AIT group (CON -229724 + 125808 s, AIT -345684 + 131823 s; exercise
protocol p=0.03). Total anterograde SR recorded throughout the exercise sessions
was significantly correlated with mean HR (r=0.46, p=0.001) and maximum HR
(r=0.38, p=0.01). Similarly, total retrograde SR was significantly correlated with mean

HR (r=-0.35, p=0.01) and maximum HR (r=-0.50, p=0.001).

There was a significant reduction in maximum anterograde SR from the first to the
final exercise training session (First 1624 + 671 s, Final 1589 + 420 s; time effect
p=0.001). There was also a significant interaction between time and age and gender
(First: Younger Female 1454 + 323 s, Younger Male 1551 + 395 s, Older Female
2094 + 992 s, Older Male 1289 + 758 s; Final: Younger Female 1520 + 429 s*,
Younger Male 1653 + 378 s, Older Female 1799 + 364 s, Older Male 1229 + 446
s, p=0.04). This suggested that maximum anterograde SR decreased with training

in the older participants only and more so in older females compared to males.

In contrast, maximum retrograde SR did not significantly change across the exercise
intervention (time effect p=0.56) or demonstrate an interaction with age (p=0.21),
gender (p=0.29) or exercise protocol (p=0.27). AIT produced higher maximum
retrograde SR than CON (CON -563 + 375 s, AIT -815 + 351 s!; p=0.02). Maximum
anterograde SR recorded throughout the exercise sessions was significantly
correlated with peak VO3 (%VO2pea; r=0.40, p=0.002) and maximum HR (r=0.49,
p=0.001). Furthermore, maximum retrograde SR recorded throughout the exercise
sessions was significantly correlated with peak VO, (%VO2peax; r=0.45, p=0.01) and

maximum HR (r=0.41, p=0.002).

Minimum anterograde SR showed a significant interaction between time and gender

and exercise protocol (First: Female CON 85 + 108 s, Female AIT 91 + 104 s%, Male
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CON 134 + 116 s, Male AIT 13 + 11 s*; Final: Female CON 115 + 98 s, Female
AIT 94 + 120 s, Male CON 140 + 117 s, Male AIT 57 £ 70 s*%; p=0.05). This showed
the greatest increase in minimum anterograde SR from the first to the final exercise
training sessions occurred in females in the CON training group and males in the AIT
training group. Minimum retrograde SR did not significantly change with training (time
effect p>0.05) or show an interaction between age (p>0.05), gender (p>0.05) or
exercise protocol (p>0.05).

5.3.4.2 Oscillatory shear index during exercise in the first and final

exercise training sessions

Mean OSI showed a 10% reduction from the first to the final exercise training session
(time effect p=0.02, 95% CI 0.17 — 0.22 a.u., partial n? = 0.24, power = 0.36; Figure
5.15). There was no change in mean OSI in the younger participants, but a 21%
reduction in older participants (time and age interaction p=0.02, partial n? = 0.24,
power = 0.35). However, there were no significant interactions with gender (p=0.89)
or exercise protocol (p=0.76, partial n?> = 0.01, power = 0.94; Figure 5.15). Mean OSI
recorded throughout the exercise sessions was significantly correlated with maximum

HR (%HRpeax; r=0.33, p=0.02, Figure 5.16).
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Figure 5.15 Mean OSI determined from the monitored exercise training sessions pre
(black bars) and post (grey bars) the exercise training intervention as divided by age
groups (young v. older) and exercise training group (CON v. AIT). The red line denotes
the cut off (OSI>0.5) of which SR becomes purely oscillatory. Data presented as

meanSD. * denotes a significant time effect and Y denotes a significant time by age
interaction at the p<0.05 level.
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Figure 5.16 Group mean OSI was significantly correlated with group mean maximum
in-exercise heart rate (%HRpeak) during the first and final exercise training sessions
(r=0.33, p=0.02).

Minimum OSI did not significantly change with training (time effect p=0.66) or show
an interaction between age (p=0.40), gender (p=0.65) or exercise protocol (p=0.20).
Maximum OSI did not significantly change with training (time effect p>0.05). There

was a trend for a significant reduction in time spent at OSI>0.5 with training (time

211



effect p=0.08, Figure 5.17) with no interaction with age (p=0.55), gender (p=0.11) or

exercise protocol (p=0.45).
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Figure 5.17 Group mean time spent at an OSI greater than 0.5 and thus
indicating purely oscillatory shear as determined from the monitored exercise
training sessions pre (black bars) and post (grey bars) the exercise training
intervention as divided by age groups (young v. older) and exercise training
group (CON v. AIT). Data presented as meanzSD. There was a trend for a
significant reduction with training (p=0.08).
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5.3.5 Markers of endothelial function following both acute and

chronic exercise
Endothelial function was assessed acutely prior to training (FMD 1 v FMD 2). The
acute response in endothelial function following exercise training was also assessed
(FMD 3 v FMD 4). The chronic endothelial function response to exercise training was

assessed by comparing FMD1 with FMD3, see Figure 5.18.
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Figure 5.18 Schematic of when FMD was recorded in order to assess acute changes in
endothelial prior to and following exercise training and to assess chronic endothelial
function across the training intervention.

Prior to the training intervention FMD variables were assessed for differences
between age groups, gender and exercise protocols. No effects of ageing or exercise
protocol were observed (p>0.05). However, females demonstrated significantly lower
resting (Females 3.33 + 0.52 mm, Males 4.13 + 0.50 mm; p=0.001) and peak
(Females 3.56 + 0.48 mm, Males 4.34 + 0.49 mm; p=0.001) brachial artery diameter
compared to males. Therefore, the aforementioned variables were used as covariates

during subsequent analysis of training effects.

5.3.5.1 Responses to acute exercise
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This section reviews acute endothelial function pre training (FMD 1 v FMD 2) and

acute endothelial function post training (FMD 3 v FMD 4).

Resting brachial artery diameter did not significantly change following acute exercise
pre (p=1.00) or post training (p=0.86, Table 5.3). There was also no significant
interaction with age (p=0.22), gender (p=0.70) or exercise protocol (p=0.55). Pre
training values showed no significant correlations. However, post training, resting
brachial artery diameter was significantly correlated with in-exercise parameters of
mean anterograde SR (r=-0.53, p=0.004), maximum anterograde SR (r= -0.44,
p=0.02) and total anterograde SR (r= -0.54, p=0.003) throughout the final exercise

training session.

Peak brachial artery diameter significantly increased following acute exercise pre
training (p=0.001) but only showed a trend for a significant increase post training
(p=0.07, Table 5.3). There was also no interaction with age (p=0.70), gender (p=0.75)
or exercise protocol (p=0.75). Pre training values showed no significant correlations.
Post training, peak brachial artery diameter was significantly correlated with mean
anterograde SR (r=-0.53, p=0.01), maximum anterograde SR (r=-0.44, p=0.02) and
total anterograde SR (r= -0.54, p=0.004) throughout the final exercise training

session.

Absolute FMD demonstrated a significant increase following acute exercise pre
(p=0.001) and post training (p=0.001) when resting diameter was used as a covariate
(Figure 5.19). There was no interaction with age (p=0.53), gender (p=0.81) or
exercise protocol (p=0.76). Relative FMD showed a significant increase following
acute exercise pre training (p=0.001, 95% CI 7.55 — 9.45 %, partial n? = 0.13, power
= 0.64), however there was no significant change following acute exercise post
training (p=0.96, 95% CI 8.32 — 10.79 %, partial n? = 0.03, power = 0.90) when resting

diameter was used as a covariate. There was no impact of age (p=0.70, partial n? =
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0.13, power = 0.88), gender (p=0.88) or exercise protocol (p=0.61, partial n? = 0.16,

power = 0.86) (Figure 5.21).
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Figure 5.19 Group mean for absolute FMD as divided by age (younger v older) and
exercise protocol (CON v AIT), at the four time points: absolute FMD 1 (pre acute
exercise and pre training), absolute FMD 2 (post-acute exercise and pre training),
absolute FMD 3 (pre acute exercise and post training) and absolute FMD 4 (post-acute
exercise and post training). Data presented as mean=SD. * indicates significance at the
p<0.05 level.

The time taken from cuff release to peak diameter during the FMD procedure
increased following acute exercise pre training (p=0.001), but did not significantly
change following acute exercise post training (p=0.20, Figure 5.20). Additionally,
there was a significant time by age interaction (p=0.03). Acute exercise pre training

produced similar time to peak between young and older participants. Following
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training, acute exercise reduced the time to peak diameter in younger participants but
extended it in older participants. There was also a significant time by age by exercise
protocol interaction for time taken to peak diameter (p=0.02) which can be observed

in Figure 5.20.
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Figure 5.20 The group mean for time between cuff release and peak diameter during
FMD compared across age (younger v older) and exercise protocol (CON v AIT) at the
four time points: Time 1 (pre acute exercise and pre training), Time 2 (post-acute
exercise and pre training), Time 3 (pre acute exercise and post training) and Time 4
(post-acute exercise and post training). * denotes a significant effect of time and Y
denotes a significant time by age by exercise protocol interaction at the p<0.05 level.

Peak hyperaemia did not change following acute exercise pre (p=0.40) or post
training (p=0.18). Additionally there was no effect of age (p=0.46), gender (p=0.24) or
exercise protocol (p=0.28, Table 5.3). Peak hyperaemia pre training was significantly
correlated with in-exercise mean OSI throughout the first exercise training session
(r=-0.41, p=0.04). Peak hyperaemia post training was significantly correlated with in-
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exercise mean anterograde SR (r=0.40, p=0.04) and total anterograde SR (r=0.39,

p=0.04) during the final exercise training session.

Peak SR did not change following acute exercise pre (p=0.43) or post training
(p=0.26, Table 5.3) and there was no effect of age (p=0.34), gender (p=0.40) or
exercise protocol (p=0.27). Females had a significantly higher peak SR than males
(females 2645 + 1072 s%, males 1872 + 575 s1; p=0.04). Pre training values showed
no significant correlations. Peak SR post training was significantly correlated with in-
exercise mean anterograde SR (r=0.57, p=0.002) and total anterograde SR (r=0.56,

p=0.002) during the final exercise training session.

Shear rate AUCq¢o did not change following acute exercise pre (p=1.00) or post training
(p=1.00) or demonstrate an interaction with age (p=0.19), gender (p=0.19) or exercise
protocol (p=0.67). Females had significantly higher SR AUCso than males (females
47231 + 18450 a.u., males 34471 + 9956 a.u.; p=0.05). SR AUCg pre training was
significantly correlated with in-exercise maximum OSI (r= -0.41, p=0.04) during the
first exercise training session; whilst SR AUCsy post training was significantly
correlated with in-exercise mean anterograde SR (r=0.59, p=0.001) and total

anterograde SR (r=0.59, p=0.001) during the final exercise training session.

Additionally, there was no significant change in SR AUCg, following acute exercise
pre (p=1.00) or post training (p=1.00, Table 5.3) and no interaction with gender
(p=0.39) or exercise protocol (p=0.70). SR AUCg pre training was significantly
correlated with in-exercise maximum OSI (r= -0.50, p=0.01) during the first exercise
training session; whilst SR AUCeo post training was significantly correlated with mean
anterograde SR (r=0.63, p=0.001) and total anterograde SR (r=0.63, p=0.001) during

the final exercise training session.

5.3.5.2 Responses to chronic exercise training
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This section compares endothelial function pre training (FMD 1) and endothelial

function post training (FMD 3).

Resting brachial artery diameter (p=1.00) and peak brachial artery diameter (p=1.00)
did not significantly change following chronic exercise training (Table 5.3). There was
also no significant interaction with age (p>0.05), gender (p>0.05) or exercise protocol

(p>0.05).

Absolute FMD significantly increased with exercise training (p=0.001) when resting
diameter was used as a covariate (Figure 5.19). There was no interaction with age
(p=0.53), gender (p=0.81) or exercise protocol (p=0.76). Relative FMD showed a
significant increase with chronic exercise training (p=0.001, 95% CI 5.52 — 8.30 %,
partial n?> = 0.44, power = 0.13) when resting diameter was used as a covariate.
Figure 5.21 shows the increase in relative FMD following both acute and chronic
exercise irrespective of age (p=0.70, partial n? = 0.13, power = 0.88), gender (p=0.88)

or exercise protocol (p=0.61, partial n?> = 0.16, power = 0.86).
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Figure 5.21 Data presented by age (younger v older) and exercise
protocol (CON v AIT).

Panel A: the acute relative FMD response prior to the exercise training.
Comparing the pre (FMD1,; black bars) and post (FMD2; grey bars)
showed a significant acute increase in endothelial function.

Panel B: Acute relative FMD response following the 4 week exercise
training intervention. Pre (FMDS3; black bars) and post (FMD4;
grey bars) showed the acute improvement in endothelial function
was abolished.

Panel C: The chronic relative FMD response across the 4 week exercise
training intervention. Comparing pre (FMD1; black bars) and post
(FMD3; grey bars) showed a significant chronic improvement in
endothelial function.

(*denotes significant time effect at the p<0.05 level).
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The time taken from cuff release to peak diameter during the FMD procedure showed
a significant increase with exercise training (p=0.001, Figure 5.20). Additionally, there
was a significant time by age interaction (Delta chronic response: younger 10.8 s;
older 8.6 s; p=0.03). Time to peak increased with exercise training in both young and
older participants, with the greatest increase observed in younger participants with
training. There was also a significant time by age by exercise protocol interaction for

time taken to peak diameter (p=0.02) which can be observed in Figure 5.20.

Peak hyperaemia (p=1.00) and peak SR (p=1.00) did not change with training with
no effect of age (p>0.05), gender (p>0.05) or exercise protocol (p>0.05, Table 5.3).
Shear rate AUCgo (p=1.00) and SR AUCg (p=1.00) did not change following exercise
training (Table 5.3) or demonstrate an interaction with age (p>0.05), gender (p>0.05)

or exercise protocol (p>0.05).
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Table 5.3 Parameters of endothelial function as determined via FMD. Groups were divided into exercise protocol (CON v AIT) and

the 4 time points at which FMDs were conducted (1 pre acute exercise and pre training; 2 post-acute exercise and pre training; 3

pre acute exercise and post exercise training; 4 post-acute exercise and post training). Data are presented as meantSD.

CON AIT
1 2 3 4 1 2 3 4
Resting 3.87 £ 0.57 3.88 £ 0.55 3.85+0.57 3.88 £ 0.55 3.47 £ 0.67 3.48 £ 0.69 3.44 £ 0.66 3.52+0.71
Diameter (mm)
Peak Diameter | 4.05+£058 4.28+0.53 | 4.10+£0.52 | 4.27+0.53 3.73+£0.64 | 3.94+0.70 3.76 £ 0.59 3.88 £ 0.68
(mm)*
Peak 945+ 26.1 103.1+245 | 94.0+22.8 103.4+455 | 93.2+424 110.6 +35.1 | 100.5+33.9 |115.2+37.4
Hyperaemia
(cm/s)
Peak Shear | 2038 + 790 2172 + 687 2005 + 609 2192 £ 1022 | 2250 +1148 | 2716 + 1245 | 2455+ 1164 | 2705 + 1036
Rate (s?)
AUCq (a.u.) 36223 + | 37917 + | 37107 + | 40420 + | 44197 + | 45657 + | 48075 + | 47584 +
11268 9542 11172 16781 23020 20472 20495 16352
AUCq (a.u.) 56172 + | 58528 + | 57512 * | 63466 + | 65591 + | 70271 + | 69518 + | 74768 +
17147 13612 17492 27603 36155 35659 31156 30685

*denotes a significant acute effect pre training (p<0.05).
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5.3.5.3 Scaled responses to acute exercise and chronic exercise

training
To remove the influence of resting diameter upon FMD it has been suggested that
allometric scaling should be undertaken (Atkinson, 2014). When this process was
undertaken in the current study the scaling factor for FMD1 was 0.88, FMD2 was
0.86, FMD3 was 0.81 and FMD4 was 0.88. A four time point ANOVA was used for
analysis of changes in both acute and chronic absolute and relative FMD from scaled

data.

Absolute FMD showed no change following acute exercise pre training (p=0.14),
however there was a significant increase following acute exercise post training
(p=0.001). Relative FMD was significantly increased following acute exercise pre
training (p=0.02), however post training there was no change following acute exercise

in relative FMD (p=0.09).

Chronic absolute FMD decreased with training (p=0.003). Chronic relative FMD did
not change with exercise training (p=1.00; Figure 5.22). Additionally, no significant
effect of age (absolute FMD p=0.62; relative FMD p=0.49), gender (absolute FMD
p=0.70; relative FMD p=0.61) or exercise protocol (absolute FMD p=0.73; relative

FMD p=0.62) were observed.
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Figure 5.22 Allometrically scaled relative FMD data presented by age
(younger v older) and exercise protocol (CON v AIT).

Panel A: the acute scaled relative FMD response prior to the exercise
training. Comparing the pre (FMD1; black bars) and post (FMD2;
grey bars) showed a significant acute increase in FMD.

Panel B: Acute scaled relative FMD response following the 4 week
exercise training intervention. Pre (FMD3; black bars) and post
(FMD4; grey bars) showed the acute improvement in endothelial
function was abolished.

Panel C: The chronic scaled relative FMD response across the 4
week exercise training intervention. Comparing pre (FMD1;
black bars) and post (FMD3; grey bars) showed no
significant chronic improvement in endothelial function.

(*denotes significant time effect at the p<0.05 level).
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Systolic BP prior to exercise training was significantly correlated with resting (r=0.62,
p=0.001) and peak (r=0.59, p=0.002) brachial artery diameter 1, absolute FMD 1 (r=-
0.51, p=0.01), relative FMD 1 (r=-0.56, p=0.01) and AUCg, 1 (r=-0.39, p=0.05). Pre
systolic BP was also correlated with resting (r=0.56, p=0.003) and peak (r=0.57,
p=0.002) brachial artery diameter 2, peak SR 2 (r=-0.40, p=0.05), AUCg 2 (r=-0.43,
p=0.03) and AUCy 2 (r=-0.39, p=0.05). Additionally, post training systolic BP was

significantly correlated with AUCego 3 (r=-0.43, p=0.03) and AUCy 3 (r=-0.40, p=0.05).

5.3.6 Parameters of carotid stiffness with training

In this section variables assessed prior to and following training are referred to with
the terms “pre” and “post”. Parameters of carotid artery stiffness were assessed for
differences between age groups, gender and exercise protocols prior to training. No
effects of gender or exercise protocol were observed (p>0.05). However, a significant
ageing effect was observed. Near wall IMT (p=0.001), far wall IMT (p=0.01), beta-
stiffness index (p=0.001, Figure 5.23) and carotid artery diameter (p=0.002) were
higher in older compared to younger participants. Diameter distensibility (DD;
p=0.001), cross-sectional distensibility (CSD; p=0.001), diameter compliance (DC;
p=0.04), cross-sectional compliance (CSC; p=0.002), and incremental elastic
modulus (IEM; p=0.001) were lower in older compared to younger participants.
Therefore, the aforementioned variables were used as covariates during subsequent

analysis of training effects.

Beta stiffness index, near wall IMT, DD, CSD and CSC did not change following the
chronic exercise intervention (time effect p>0.05, Table 5.4). Additionally, these
parameters showed no interactions with age, gender or exercise protocol (p>0.05).
However, far wall IMT, carotid artery diameter, DC and IEM all demonstrated a time
effect (p<0.05, Table 5.4) irrespective of gender (p>0.05) or exercise protocol
(p>0.05). Far wall IMT decreased by 3% in young and increased by 15% in older
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participants (time by age interaction p=0.02). DC increased by 14% in young and
decreased by 36% in older participants (time by age interaction p=0.01). Vessel
diameter and IEM increased with training (p<0.05) but did not show an effect of ageing

(p>0.05).
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Figure 5.23 Group mean beta stiffness index determined pre (black bars) and post (grey
bars) the exercise training intervention as divided by age group (young v. older). Data
presented as mean+SD.
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Table 5.4 Parameters of carotid stiffness across the 4 week exercise training
post) as divided by age (young v. older). Data presented as

intervention (pre v.
mean+SD.

Younger Older

Pre Post Pre Post
Near Wall IMT | 0.53+0.12 0.57+0.09 |0.78+0.12 0.74+0.14
(mm)
Far Wall IMT 0.43+0.17 0.46+0.12 |0.64+0.17 0.64 +0.14
(mm) *f
Carotid 6.53+0.41 6.55+0.49 | 7.50+0.99 7.50+0.91
Diameter (mm) *
DD (%) 10.77£2.87 11.68+3.96 |5.38+1.59 5.68 + 2.20
CSD (%) 22.79+6.35 25.10+9.31 | 11.08 + 3.35 11.89 +4.44
DC (mm/mmHg) | 0.02 + 0.01 0.02+0.01 |0.01+£0.004 0.01+0.004
*t
CSC 0.17 £ 0.04 0.18+0.05 ]0.13+0.09 0.13+0.05
(mm?/mmHg)
IEM (mmHg) * 1022 + 266 967 + 253 2090 + 823 2051 + 908

* denotes significant time effect at the p<0.05 level
t denotes significant time by age interaction at the p<0.05 level

Diameter compliance (DC) recorded throughout the exercise sessions was
significantly correlated with mean anterograde SR (r=0.36, p=0.01) and total
anterograde SR (r=0.35, p=0.01). Pre and post IEM was significantly correlated with
mean anterograde (r=-0.40, p=0.004) and total anterograde SR (r=-0.40, p=0.003)
recorded throughout the exercise sessions. Beta stiffness index recorded throughout
the exercise sessions was significantly correlated with mean anterograde SR (r=-

0.42, p=0.002) and total anterograde SR (r=-0.42, p=0.002, Figure 5.24).

Additionally, DC prior to the exercise training intervention was significantly correlated
with absolute (r=0.48, p=0.01) and relative FMD 1 (r=0.42, p=0.04) only. Cross-
sectional compliance (CSC) following the exercise training intervention was
significantly correlated with absolute FMD4 (r=-0.40, p=0.04); post training IEM was

also correlated with absolute FMD4 (r=0.39, p=0.05) only.
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Figure 5.24 Carotid beta stiffness index pre and post exercise training was significantly
correlated with total anterograde shear rate during the first and final exercise training
session across all groups (r=-0.42, p=0.002).

5.3.7 MicroRNA-21

In this section variables assessed prior to and following training are referred to with
the terms “pre” and “post”. No significant pre-exercise training differences in levels of
miR-21 (%cel-miR-39) were observed between exercise protocols (p=0.18), age
groups (p=0.70) or genders (p=0.31). However, there was a large standard deviation
between pre-training miR-21 (%cel-miR-39) expression thus pre-training values were
subsequently used as a covariate. Following the exercise training intervention
circulating miR-21 (%cel-miR-39) showed a significant increase pre to post training
(time effect p=0.01, Figure 5.25). However, there was no significant interaction with
age (p=0.97), gender (p=0.85) or exercise protocol (p=0.24). There were no
correlations between miR-21 (%cel-miR-39) pre and post training with markers of

vascular health or in-exercise SR parameters measured in the current study (p>0.05).
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Figure 5.25. Mean miR-21 expression (%cel-miR-39) pre and post 4 weeks of exercise
training. Individual data is also presented for the CON (black squares) and AIT (red
circles) groups, pre and post training. There was a significant effect of time (p=0.01)
but no interaction with exercise protocol (p=0.24). Data are presented as mean + SD. *
denotes significant time effect at the p<0.05 level.
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5.4 Discussion

The novel aspect of this study was the comparison of CON and AIT in-exercise SR
patterns across a chronic exercise training intervention and the interaction of ageing
and gender upon these SR patterns. The study also aimed to determine whether AIT
and CON exercise-induced SR patterns differentially affected acute and chronic
measures of vascular health across age and genders. It was hypothesised that SR
patterns would differ between AIT and CON exercise protocols, genders, age groups
and from pre-to post exercise training. Different anterograde and retrograde SR
patterns were observed between exercise groups with AIT inducing higher volumes
of retrograde SR compared to CON. Mean and total retrograde SR decreased from
the first to the final exercise training session with no change in anterograde SR and
no apparent influence of gender or age upon these patterns. Prior to training
endothelial function increased immediately after exercise irrespective of the exercise
protocol undertaken. Both 4 week exercise training protocols also improved resting
endothelial function. However, acute endothelial function following training appeared
to be blunted compared to pre-training acute endothelial function. Carotid artery
stiffness was higher in older participants irrespective of gender and was unchanged
with exercise training. MiR-21 expression increased with training, again no effect of

SR pattern, age or gender was evident.

5.41 Participant characteristics across the exercise training

intervention
Participants recruited into this current study were free of known CVD. Prior to training,
older participants had higher systolic blood pressure (BP), pulse pressure (PP) and
mean arterial pressure (MAP) than younger participants. Ageing effects upon
elevations in blood pressure are well known and have been described previously

(Franklin et al., 1997). Increased systolic BP with age is often accompanied by no
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change or a reduction in diastolic BP resulting in increased PP (Franklin et al., 1997).
Age related changes in systolic BP have been attributed to increases in vascular
resistance and increased central arterial stiffness, whilst reductions in diastolic BP
are a product of aortic stiffening and a reduction of the elastic reservoir capacity
(Franklin et al., 1997). This results in in less blood in the aorta at the beginning of
diastole resulting in lower diastolic BP (Franklin et al., 1997). In the current study,
older participants were shown to have significantly higher carotid artery stiffness
compared to younger participants which may account for higher systolic BP in older
participants. Females were also shown to have lower systolic and diastolic BP
compared to males prior to training in the present study. This was not unexpected as
males regularly present with higher blood pressure compared to females (Rossi et
al., 2011). Females have higher levels of oestrogen receptors within arteries
compared to males and oestrogen is known to have potent vasodilatory properties
(Nakamura et al., 2005) which likely contributes to consistently lower blood pressures

in females.

5.4.1.1 Minor changes in blood pressure following exercise training

Minor changes were observed in blood pressure measures (SBP, DBP, PP, MAP)
over the 4-week exercise intervention, however day to day variability likely accounts
for the small changes observed which were within the standard deviations of
measurement. However, even minor changes in BP can be clinically relevant as
longer term reductions of 5 mmHg in systolic BP have been associated with a 7%
reduction in all-cause mortality (Stamler et al., 1989). It is possible that 4 weeks of
exercise training was not a sufficient duration in which to make clinically relevant
changes in blood pressure. More likely, blood pressure for both younger and older
participants was within a clinically healthy range and therefore it is unlikely that

exercise would significantly improve already healthy blood pressure values.
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5.4.1.2 Weight was reduced with exercise training

Prior to training, weight was lower in females than males as was expected, likely due
to the smaller stature of females. Weight decreased across the 4-week exercise
training intervention irrespective of exercise group. Despite a statistically significant
reduction in weight, observation of the data shows a 0.5 kg reduction from pre-to post
exercise training which may be accounted for by simple day to day variability.
Previous studies have also shown no effect of exercise training upon weight (Little et
al., 2011). This may have been due to the short training period and relatively low
energy expenditure in the current study which may not have produced a large enough

energy deficit to induce weight loss.

5.4.2 Cardiorespiratory fitness changes over the course of

exercise training
Prior to the training intervention gender effects upon exercise tolerance measures
were observed. Females displayed lower absolute and relative VO2peak and lactate
threshold values compared to males. Females are typically smaller in stature and
have a lower proportion of muscle mass and higher fat mass compared to males,
therefore contributing to lower VOgpeak Values. Prior to training HRpeak and relative
VOqpeak Were lower in older compared to younger participants. This is unsurprising as
maximal HR is known to reduce with age probably as a result of reductions in intrinsic
heart rate and 3-adrenergic responsiveness (Christou and Seals, 2008). Additionally,
VO2max has been shown to decline with age by 9% per decade in males and 7.5% in
females, this has been attributed to decreases in muscle mass with age (Fleg and

Lakatta, 1988).

5.4.2.1 Exercise mediated reductions in resting HR
Resting heart rate was reduced across the 4-week exercise training period, with the

greatest decrease observed in females following CON and males following AIT
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training. Thus, exercise protocol appears to exert differing effects upon resting HR
depending upon gender. Variations in heart rate between genders have been
reported previously, with females typically showing lower resting HR to males (Carter
et al., 2003). This is due to females having higher levels of parasympathetic activity
compared to males, who demonstrate higher levels of sympathetic activity until 60
years of age (Carter et al., 2003). After this age it has been reported that gender
differences are abolished, likely due to females going through the menopause (Carter
et al., 2003). It has therefore been suggested that sex steroids may also have a role

in controlling resting HR (Carter et al., 2003).

In the current study, reductions in resting HR were also accompanied by increases in
absolute and relative VO, and LT following the exercise intervention. As exercise
tolerance improves, resting HR reduces and is therefore suggested to be an indicator
of improved physical fithess and reduced mortality risk (Greenland et al., 1999).
Reductions in resting HR with endurance exercise training have been shown in
previous studies and are apparent in both genders and across young and older
participants (Carter et al., 2003), although no ageing effects were demonstrated in
the current study. Reductions in resting HR with exercise training are a result of
increases in parasympathetic activity and potentially changes in intrinsic HR, in
addition to improvements in stroke volume (Carter et al., 2003). Although, few studies
have compared differential effects of interval versus continuous type exercise training
upon resting heart rate. Therefore, the reason for greater improvements in females
following CON and in males following AIT remains unclear. Effects upon resting HR
with training are in direct contrast to changes in VOzpeak and LT with training. Older
females showed greater improvements following AIT versus males where the

greatest improvements were shown following CON training.

232



5.4.2.2 Parameters of exercise tolerance improved with exercise

training
Exercise tolerance measures (resting HR, LT and VOzpeax) improve quickly following
the introduction of a new exercise stimulus (Gibala and McGee, 2008). Furthermore,
for a 1 ml/kg/min improvement in relative VO2peax there is a 15% reduction in all cause
and CVD specific mortality (Keteyian et al., 2008). In the current study, relative VOzpeax
was not statistically improved with training, however there was a 2.4 ml/kg/min
improvement across all groups suggesting a reduction in all-cause mortality. Previous
studies have demonstrated a differential effect of IT and CON type exercise upon
markers of exercise tolerance (Tjgnna et al., 2008, Wislgff et al., 2007). In the current
study, AIT and CON training were equally effective in improving absolute VO2peak in
younger males and females. In contrast, absolute VO2peak improved more in older
females following AIT training and following CON training in older males. This
suggests that different types of exercise may be more suited to certain populations,
based upon age and gender when considering improvements in exercise tolerance.
Indeed, differential effects of AIT and CON exercise have previously been reported
(Helgerud et al., 2007, Kemi et al., 2005, Tjgnna et al., 2008) although differences
between genders have not been explored. AIT appears to improve VOgzpeak and
corresponds with improvements in stroke volume not seen with CON type exercise
training (Helgerud et al., 2007, Tjgnhna et al., 2008). This may suggest systemic

changes following AIT training.

It has also been reported that improvements in VOzpeak are dependent upon fitness
level, individuals of lower fithess prior to the start of training demonstrate greater
improvements compared to those of higher fithess (Helgerud et al., 2007). In the
present study, pre training VO2peak Was used as a covariate during analysis to account

for initial fitness levels. Additionally, in the present study AIT was of a higher exercise
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intensity to CON exercise training. Exercise intensity is an important determinant for
improvements in VOgpeak, cardiomyocyte dimensions and contractile capacity,
potentially due to the higher heart rates attained (Kemi et al., 2005). In the present
study, it may be hypothesised that cardiorespiratory fitness improved more in older
females following AIT training as a result of greater central adaptations due to working
at a higher exercise intensity and higher HR. In contrast, CON training may have
induced greater improvements in cardiorespiratory fitness in older males due to
comparably higher work rates used than older females which may have induced
greater peripheral muscular adaptations. This is an important consideration when

prescribing exercise for specific populations.

543 VO, and HR recorded during the first and final exercise

training sessions
Potential group differences between in-exercise VO, and HR were assessed at the
first exercise training session. Ageing did not affect any in-exercise variables however
gender effects were shown. Females displayed lower mean VO., peak VO, mean
WR and mean energy expenditure in the first exercise session compared to males.
As discussed in the previous section (5.4.2), gender differences in VO are potentially
due to differences in proportions of muscle and fat mass between genders (Sparling,
1980). Additionally, work rate during the exercise sessions was lower in females as a
consequence of their smaller size and lower VOzpeax. During the first exercise session,
an effect of exercise protocol was evident in mean VO, peak VO,, mean HR, and
maximum HR. In the present study, a more pragmatic approach was taken to exercise
prescription whereby exercise was prescribed at 85-90% HRpeax for AIT and 65-70%
HRpeak for CON, as determined from the pre-training RIT. Therefore, the
aforementioned variables were significantly higher in the AIT protocol compared to

CON.
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Intensity and patterns of CON and AIT exercise protocols used in this current study
were intentionally different. The different work rate profiles of CON and AIT exercise
protocols were reflected in the patterns of the VO, and HR responses. This design
was used to attempt to induce different volumes and patterns of anterograde and
retrograde SR. Opting for a pragmatic approach to exercise prescription of intensity
allowed monitoring during exercise training sessions, therefore work rate could be
adjusted as exercise tolerance improved. Indeed, mean WR of the exercise training
sessions progressed equivalently in both exercise protocols over the exercise training
period. Furthermore, mean and peak VO- throughout the exercise sessions increased
over 4 weeks of training and increased more so following CON exercise training.
Interestingly, whilst mean WR progressed with training there was no differential effect
of exercise training protocol. The increase in mean and peak VO, may be attributed
to improvements in VOgpear, LT and resting HR with training. AIT and CON training
were equally effective in improving absolute VOazpeak and lactate threshold in younger
males and females. However, older females benefitted more from AIT training and
older males from CON training. The greater increases in mean and peak VO
observed following CON training may be attributed to superior improvements in
cardiorespiratory fithess in older males which, although not significant, was
demonstrated through an increase in mean WR of 12.1% in CON and a 9.6% increase

in AIT training.

Mean HR throughout the exercise sessions demonstrated small increases in younger
participants with small decreases shown in older participants from the first to the final
exercise session. However, the changes in mean HR in both young and older groups
were minor and are probably accounted for by day to day variability. Alternatively,
increases in stroke volume may precede exercise training induced reductions in heart

rate. The lack of difference in mean HR between protocols is likely due to the inclusion
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of 4-minute active recovery periods in the AIT protocol, thus lowering the mean HR
despite higher peak HR compared to CON. In regards to exercise intensity, it is
unclear whether peak VO, and HR attained during the exercise session or the mean
across the entire session are the most important stimulus for driving physiological
adaptations. In the current study, there was no differential impact of CON v AIT upon
measures of endothelial function which may suggest mean exercise intensity is more
important than the peaks attained for this variable only. In particular, this study relied
upon exercise as a stimulus for inducing SR, therefore it is important to understand
how exercise intensity may affect blood flow and SR. Maximum HR was higher in AIT
compared to CON due to the prescription of the exercise training as discussed earlier.
From the first to the final exercise session maximum HR attained varied slightly,
however upon observation of standard deviations of the measurement it is likely this

can be accounted for by day to day variability.

5.4.3.1 Exercise induced changes in plasma volume and

thermoregulation
With exercise training thermoregulation becomes more efficient, in so much as the
onset of sweating occurs earlier, and is directly related to the fitness of the individuals
(Convertino, 1991). Therefore, as individuals undergo exercise training and increase
their cardiorespiratory fitness, as was shown to occur in the current study,
thermoregulatory response during an exercise session is likely to be altered. The
small changes in in-exercise heart rate from the first to the final exercise training
session may be attributed to changes in plasma volume and thermoregulation
(Convertino, 1991), although these were not measured in the current study. Exercise
training may also alter plasma volume. In exercise training studies hypervolemia
reached a plateau after 1 week of exercise training, with this initial blood volume

expansion explained by increased plasma volume and no change in red blood cell
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mass (Convertino, 1991). This effect does not appear to be gender specific but ageing
may have an impact upon the time course of the exercise induced changes
(Convertino, 1991). Indeed in the current study, older and younger participants
showed different responses to exercise training with regards to mean HR during the

exercise sessions.

Hypervolemia and thermoregulation may be associated, as reduced blood volume
has been shown to produce a higher core temperature during exercise (Convertino,
1991). Indeed, increased heat dissipation during exercise with hypervolemia
demonstrates the contribution of volume to increased sweating and skin blood flow
(Convertino, 1991). Importantly, hypervolemia caused by endurance exercise training
is associated with reduced heart rate and an elevated stroke volume during exercise
(Convertino, 1983). Hypervolemia is associated with elevated central venous
pressure at rest and during exercise which is associated with the increase in stroke
volume (Convertino et al., 1991). The elevation of stroke volume during exercise may
result from greater venous return and right atrial filling pressure (Convertino et al.,
1991). It has been suggested that a 1% increase in plasma volume is associated with

a 1% reduction in heart rate during exercise (Convertino, 1991).

In the first exercise session females demonstrated lower mean energy expenditure
throughout both AIT and CON exercise compared to males. This was probably due
the lower work rates required for females completing the exercise sessions. It did
appear that energy expenditure increased in both exercise groups over the course of
the 4-week exercise training intervention. This was concomitant with an increase in
work rate over the exercise training intervention and likely the reason for increases in

energy expenditure.

5.4.4 In-exercise shear rate during the first and final exercise
training sessions
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As in the first study of this thesis, both anterograde and retrograde SR patterns
followed the WR profile, HR and VO; throughout CON and AIT exercise. Indeed,
anterograde SR was positively correlated with mean HR during the exercise session,
whilst retrograde SR was negatively correlated with mean HR. This suggests that the
patterns of both anterograde and retrograde SR during the exercise protocols were
related HR, which was dependent upon the work rate profile of the exercise session.
Prior to training higher mean and total retrograde SR were also attained during AIT
compared to CON. Mean and peak HR were higher throughout AIT prior to training,
which according to the negative correlation would result in higher volumes of
retrograde SR. Females were shown to have lower brachial artery diameter compared
to males during exercise. This gender difference has also been shown in previous
studies (Joannides et al., 2002). It is probably as a result of differences in stature
between males and females which affects vessel calibre in order to effectively control

blood pressure.

Patterns of both anterograde and retrograde SR were not observed to change with
training which is unsurprising as the work rate profile and the HR patterns were also
unchanged with training. Mean and total anterograde SR were not different between
AIT and CON exercise protocols throughout the first exercise session and were
unchanged with 4-weeks of exercise training, with no influence of age or gender. In
contrast, mean and total in-exercise retrograde SR reduced with training irrespective
of exercise protocol, age or gender. Reductions in retrograde SR with training may
be due to improved NO bioavailability which reduces total peripheral resistance
(Green et al., 2017). Therefore, at the onset of exercise upstream retrograde SR is
reduced. AIT exercise produced higher maximum retrograde SR compared to CON
with no apparent influence of age, gender or exercise training. This was probably as

a result of the greater requirements of HR, VO, and work rate.
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Conversely, maximum anterograde SR decreased with exercise training in both
exercise protocols. Importantly, no change in maximum anterograde SR was shown
in younger participants with training, whereas older participants did demonstrate a
reduction which was greatest in older females. As there were no changes in arterial
diameter, reductions in maximum anterograde SR may have been due to decreases
in peripheral resistance in older participants as a result of changes in autonomic
control with training (Green et al., 2017). Ageing increases sympathetic nervous
activity (Matsukawa et al.,, 1998) and may be reduced following exercise training
(Joyner and Green, 2009). Additionally, younger females show less sympathetic
nervous activity to younger males which becomes equivalent between genders with
age (Matsukawa et al., 1998). Therefore, with exercise training reductions in
sympathetic activity in females may lead to reductions in vascular resistance

producing greater reductions in SR with training.

5.4.4.1 Ageing influences in-exercise shear rate

Previous studies have shown ageing effects upon SR patterns which were not
demonstrated in the present study. Young et al. (2010) reported reductions in
anterograde and retrograde SR at rest in older compared to younger adults. The
changes in SR pattern were attributed to increased downstream peripheral resistance
in older individuals, possibly due to increased sympathetic nerve activity or circulating
vasoconstrictors (Young et al., 2010). Casey et al. (2016) also showed retrograde SR
and OSI were higher in older compared to younger populations although no
differences in vascular resistance were reported between age groups. In contrast to
these previous studies, there was no apparent ageing effects upon in-exercise
anterograde or retrograde SR observed in the current study. This is consistent with
Padilla et al. (2011b) who reported age related increases in retrograde SR and OSI

were abolished at the onset of exercise. Resting volumes and patterns of SR between
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younger and older participants were not evaluated in the current study. It is therefore
possible, that the lack of age-related difference in retrograde SR and OSI observed
during exercise in the current study was due to the measurement of these variables

during exercise and not at rest.

Padilla et al. (2011b) suggested age related increases in retrograde SR and OSI at
rest may be as a result of reductions in NO bioavailability in resistance vessels, thus
increasing downstream peripheral resistance. This theory was supported when eNOS
was inhibited in the forearm circulation of younger participants, resulting in elevated
retrograde and oscillatory SR in the brachial artery the levels of which were
comparable to older adults (Padilla et al., 2011b). However, no impairment in NO
dependent endothelial function was found suggesting mechanisms other than
impairment of the NO pathway were responsible for increased peripheral resistance
and changes in upstream SR patterns (Padilla et al., 2011b). Similarly, in the current
study there was no difference in endothelial function between young and older groups
suggesting NO vasodilatory pathways were functioning normally. It may therefore be
hypothesised that, at the onset of exercise the abolishment of age related differences
in SR patterns is due to reduced peripheral resistance through NO mediated
vasodilation and mechanisms associated with exercise induced thermoregulation

(Simmons et al., 2011).

Further mechanisms have been proposed for age related differences in SR patterns
such as VSMC impairment (Montero et al., 2015), increased arterial stiffness
(Heffernan et al., 2013) or increased sympathetic nerve activity (Matsukawa et al.,
1998). Whilst sympathetic nerve activity and functionality of the VSMCs were not
explored in the current thesis, carotid artery stiffness was higher in the older
compared to the younger population in the present study. Arterial stiffness may be

related to increases in wave reflection intensity (Heffernan et al., 2013) which can
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contribute to flow reversal and retrograde SR (O'Rourke and Avolio, 1980). However,
despite greater arterial stiffness in the older population of this study no differences in
volumes of in-exercise retrograde SR were shown between young and older

participants.

5.4.4.2 Gender influences upon in-exercise shear rate

Gender differences in SR at rest or during exercise have not been comprehensively
explored within the literature. Studies which have investigated the influence of gender
upon SR patterns have not reported any differences between males and females
(Dammers et al., Cheng et al., 2003). In contrast, Joannides et al. (2002) did report a
difference in mean shear rates between genders when assessing the stimulus for
FMD. Females appeared to have higher mean SR compared to males which was
attributed to smaller vessel diameter (Joannides et al., 2002), as determined by
Poiseuille’s Law. Whilst in-exercise brachial artery diameter was smaller than males
in the current study, this did not appear to affect the volumes of anterograde and

retrograde SR during exercise.

5.4.4.3 Oscillatory shear rate during exercise from the first to the final

exercise training session is affected by age
Using parameters of OSI as defined by Padilla et al. (2010), mean OSl in the first and
final exercise sessions suggests predominantly laminar SR was experienced across
both AIT and CON protocols and across age groups. Younger participants did not
demonstrate a change in mean OSI with training whilst older participants showed a
decrease. OSl is comprised of ratios of anterograde to retrograde SR, whilst mean
retrograde SR was reduced with training there was no apparent effect of ageing.
However, upon observation of Figure 5.14 it does appear that there was a greater
reduction in mean retrograde SR in older participants. Over the course of the 4-week

exercise training intervention there was no change in mean OSI in the younger
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population whilst there was a 21% reduction observed in the older population
irrespective of the exercise protocol. This reduction in mean OSlI reflects the reduction
in retrograde SR observed with training. This suggests greater volumes of purely
laminar SR were experienced throughout exercise as training progressed. Mean OSI
showed a weak to moderate positive correlation with maximum HR attained
throughout exercise, therefore if exercise intensity increased causing an increase in
maximum HR, mean OSI may become more oscillatory. However, further research is

required.

Group differences were assessed at the first exercise training session and showed
that time spent at an OSI>0.5 was higher in the older population compared to the
younger population and did not appear to be affected by the type of exercise
prescribed in the intervention. Furthermore, training did not change time spent at an
OSI>0.5 in any group. Previous studies have reported higher volumes of oscillatory
SR in older adults, potentially as a result of increased vascular resistance, through
increases in vasoconstrictors or sympathetic nerve activity (Young et al., 2010).
Whilst volumes of OSI did not differ between age groups in the current study, the
aforementioned factors may have contributed to the greater amount of time spent at

an OSI>0.5 in older adults.

5.4.5 Acute and chronic endothelial function

Prior to acute and chronic exercise, variables associated with measurement of FMD
were assessed for differences between groups (age, gender and exercise protocol).
In contrast to previous studies, no difference in any FMD variables were affected by
age. Older individuals did not demonstrate impaired endothelial function in the current
study, despite age-related declines in endothelial function reported in the literature
(Celermajer et al., 1994, Eskurza et al., 2005, Donato et al., 2007). Older adults in

the current study were free of known CVD risk factors, which may explain preserved
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endothelial function. However, declines in endothelial function with age are
independent of accumulation of traditional CVD risk factors (Seals et al., 2011).
Previous studies have suggested that ageing impairs FMD through alterations in

vasomotor balance resulting in decreased NO, reviewed in detail in section 2.2.1.2.

There were no differences in variables associated with FMD between participants,
randomised to AIT and CON exercise groups prior to acute and chronic exercise.
Resting and peak brachial artery diameter were smaller in females compared to
males which has been observed in previous literature (Joannides et al., 2002). A
smaller arterial diameter is likely as a result of the smaller stature of females. Smaller
vessel diameters can produce greater vasodilation which is a reason allometric
scaling may be necessary to remove the influence of resting diameter (Atkinson,
2014). Smaller diameter may also be responsible for inducing higher shear rates due
to Poiseuille’s Law which demonstrates the powerful effect of arterial diameter in
determining shear stress (see section 2.1.4). However, SR during FMD was not

influenced by gender in the current study.

5.4.5.1 Endothelial function pre and post-acute exercise prior to and

following exercise training
Acute endothelial function was assessed prior to and following the exercise
intervention to determine how changes in acute endothelial function were affected by
chronic exercise — induced SR. Resting brachial artery diameter was not affected by
acute exercise prior to or following exercise training suggesting changes in
vasodilation were not influenced by structural changes in resting diameter. Acute
endothelial function prior to training increased in all groups irrespective of age, gender
or exercise protocol. Therefore, as in the first study of this thesis, SR pattern did not
appear to influence acute endothelial function. This is despite AIT exercise inducing

greater mean and total volumes of retrograde SR compared to CON exercise.
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Retrograde SR has previously been associated with impaired endothelial function
measured via FMD (Thijssen et al., 2009b). However, this was not reflected in acute
FMD. Additionally, mean OSI during the first exercise session indicated that both
exercise protocols induced predominantly laminar SR which is associated with an

anti-atherogenic endothelial cell phenotype and healthy endothelial function.

It has recently been argued that FMD should be allometrically scaled to account for
the significant influence of resting diameter upon absolute and relative FMD. When
FMD was scaled in the current thesis, the increase in acute FMD prior to training
remained. The stimulus for vasodilation, as measured via FMD, is reactive
hyperaemia whereby rapid increases in blood flow and SR induce upregulation of NO
to stimulate vasodilation. Acute changes in peak hyperaemia and shear rate were not
observed prior to training suggesting that improvement in acute FMD was not

dependent upon increases in the stimulus.

Acute endothelial function following exercise training appeared to be blunted when
compared with acute endothelial function prior to training. This effect was irrespective
of age, gender or exercise protocol. Whilst there still appeared to be an acute increase
in both scaled and unscaled FMD following training this was no longer statistically
significant. Anterograde SR did not change from the first to the last exercise training
session however, retrograde SR was reduced. To attain an acute improvement in
endothelial function following the exercise training intervention, the intensity of the
final session i.e. mean VO, and HR could be increased. It was earlier shown that
mean HR in particular was associated with in-exercise SR which is hypothesised to
be the stimulus for acute increases in FMD. However, increasing exercise intensity to
further increase NO bioavailability requires caution as previous research has shown
high intensity exercise to impair acute FMD (Bailey et al., 2017, Yoo et al., 2017) likely

as a result of increases in ROS production which degrades NO (section 2.3.1.1.1).
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Additionally, blunting of acute FMD following exercise training may be due to the
chronic improvement in endothelial function with exercise training. Chronic exercise
training may result in eNOS functioning at capacity to produce NO, therefore an acute
exercise bout is unable to immediately increase eNOS transcription within the

endothelial cell nucleus to further increase NO production.

5.4.5.2 Resting endothelial function across the exercise training

intervention
Chronic endothelial function was assessed pre exercise prior to and following the
exercise training intervention. This allowed the chronic effect of exercise-induced SR
upon endothelial function to be assessed. Resting brachial artery diameter did not
change with training suggesting no structural adaptations occurred. FMD increased
with chronic exercise training irrespective of age, gender or exercise protocol.
Previous studies that have shown improvements in chronic endothelial function over
a short training intervention such as the four weeks used in the present study (Tinken
et al., 2008). Chronic improvements in endothelial function with exercise training are
likely as a result of regular increases in exercise-induced shear stress (Higashi and
Yoshizumi, 2004), upregulating eNOS gene expression thus increasing basal NO
bioavailability (Sessa et al., 1994, Kingwell et al., 1997). In particular, AIT training has
been shown to be more effective than traditional CON exercise for improvement in
endothelial function over 12 weeks, when prescribed at the same intensities used in
the current study (Wislgff et al., 2007). However, the population this was assessed in
was a patient population with known cardiovascular disease. It has been argued that
improvements in endothelial function with exercise are easier to achieve in
populations with impaired endothelial function to start with (Green et al., 2017).
Therefore, in the current study AIT exercise training does not appear to be superior

in improving chronic endothelial function but importantly produces equivalent
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improvements to traditional CON training offering an effective alternative way of
exercising. Importantly, a 1% improvement in has been associated with a 13% risk

reduction for a cardiovascular event occurring (Green et al., 2011).

5.4.6 Carotid artery stiffness pre and post exercise training

Previous studies have reported increases in carotid artery stiffness parameters
accompanied by reductions in distensibility and compliance in older compared to
younger populations (Zaydun et al., 2006). Older participants in the current study had
significantly stiffer arteries and reduced compliance and distensibility compared to
younger participants prior to training, despite being free known CVD risk factors.
Mitchell et al. (2004) also observed a deterioration in arterial compliance with age
despite a favourable vascular profile and limited traditional CVD risk factors.
Increased carotid artery diameter with age is also an important factor in assessment
of arterial stiffness and was observed in the present study. It suggests potential loss
of elastic fibres (Van der Heijden-Spek et al., 2000) at the same time as an increase
in collagen fibres (Lebrun et al., 2002) resulting in greater structural reliance upon
collagen producing a stiffer vessel (Thijssen et al., 2016). Furthermore, IMT was
significantly higher in older versus younger participants. Previous literature has
suggested that an IMT of >0.95 mm places individuals at high risk of developing
coronary heart disease (Bard et al., 2004). In the present study, older participants
presented with mean IMT between 0.64-0.78 mm suggesting the older population had
an intermediate risk (0.60-0.95 mm) of developing coronary heart disease according
to previous criteria (Bard et al., 2004). Unlike CVD risk which shows a clear effect of
gender there did not appear to be an effect of gender upon carotid artery stiffness,

distensibility or compliance in the current study.

Previous studies have shown that carotid artery stiffness, distensibility and
compliance are modifiable through use of exercise interventions (Matsuda et al.,
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1993, Tanaka et al., 2000, Green et al., 2010b). Exercise protocols used within this
study were selected to induce different patterns of SR with the aim of differentially
modifying markers of vascular health. However, the 4-week exercise training
intervention used in the current study only affected far wall IMT, carotid artery
diameter, diameter compliance and incremental elastic modulus with no effect of
exercise protocol and therefore SR pattern. The small changes in compliance over
the short training intervention may be attributed to functional changes in improved
vasodilatory capacity and less related to structural adaptations (Sugawara et al.,
2007). Indeed, endothelial function was improved with exercise training in the current
study suggesting an increased NO upregulation. This resulted in improved vasomotor
tone which has been associated with reductions in arterial stiffness (Zieman et al.,

2005).

The time course for improvements in vascular health with exercise have shown that
changes in endothelial function via increased NO production are required before
structural adaptations (Green et al., 2017). Therefore, it is likely that the duration of
the exercise intervention in the current study was not sufficient to induce structural
adaptations which would result in modification of carotid artery beta stiffness index,
IMT and distensibility. Whilst endothelial function can improve over a few short weeks,
changes in arterial stiffness have been shown following 10-24 weeks of exercise
training (Sugawara et al., 2006, Tanaka et al., 2000, Green et al., 2010b). Therefore,
if the current exercise intervention was extended in duration, perhaps to 12 weeks,

changes in markers of carotid artery stiffness are more likely to be observed.

Whilst SR patterns and volumes have been suggested to play an important role in
preventing and reversing endothelial dysfunction there has not been a clear role for
SR in modifying arterial structure. It has been suggested that structural adaptations

may be more reliant upon changes in pressure within the vessel which alter the
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stretch of the artery and can change lumen diameter and wall thickness (Joyner,
2000). As blood pressure was not measured during the exercise training interventions
it is unclear how the exercise protocols used in this study may have altered the stretch
of the vessel. Exercise increases systolic BP during exercise with little change in
diastolic BP, thus increasing pulsatile pressure on the arterial wall. This has been
suggested to increase elastin synthesis (Matsuda et al., 1993) or reduce cross linking
(Joyner, 2000) to reduce arterial stiffness. Resting systolic BP, PP and MAP prior to
exercise training were higher in older compared to younger participants in the present
study. This may be attributed to increased arterial stiffness with age (Franklin et al.,
1997). Following exercise training in the present study, systolic BP showed a trend
for a minor increase whilst diastolic BP decreased slightly, resulting in increased pulse
pressure with training across all groups. This may suggest exercise training resulted
in increased stretch of the artery and reduced arterial stiffness. However, whether
pattern of exercise i.e. IT exercise produces greater changes in pulsatile pressure

throughout an exercise session compared to CON is yet to be determined.

Previous studies assessing the effect of chronic exercise interventions upon carotid
artery stiffness have found no differential effect of IT versus CON exercise
(Rakobowchuk et al., 2008, Rakobowchuk et al., 2012b). Therefore, if the duration of
the exercise intervention was extended in this study there may be no benefit of one
type of exercise over the other. Additionally, improvements in carotid artery stiffness
with exercise may only be observed in the older population as they demonstrate signs
of progressive arterial stiffness which may be reversible. In contrast, the younger
population did not exhibit signs of stiffness therefore they have no requirement for
improvement in carotid artery stiffness and would be unlikely to show changes over

12 weeks of exercise training.
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Overall, non-invasive ultrasound assessment of carotid artery stiffness may serve as
an important clinical tool to identify those at greater risk of developing chronic and
acute CVD. Artery stiffness is known to be an early step in the development of
atherosclerotic plague formation and may provide an early marker which may allow
early interventions to slow or reverse progression to full plaque development. Plaque
development is known to occur near to the bulb and bifurcation in the carotid artery
and therefore the assessment of this artery is likely to highly relevant to CVD

prognosis.

5.4.7 Chronic miR-21 expression

Circulating miR-21 expression was assessed in the plasma pre-and post the exercise
training intervention. In the previous study of this thesis (Chapter 4), it was proposed
that miR-21 may be a potential biomarker of exercise-induced SR which may alter
endothelial cell phenotype. Furthermore, miR-21 has been suggested to be a flow-
sensitive miR with overexpression of miR-21 appearing to have a dual role (Kumar et
al., 2014) as it responds to both laminar (Weber et al., 2010) and oscillatory shear

stress (Zhou et al., 2011).

In the present study, pre-training miR-21 did not show any ageing, gender or exercise
protocol effects. However, high variability between participants was demonstrated
and therefore pre-training values were used as a covariate during subsequent
analysis. So far, the effects of ageing and gender upon miR-21 expression have not
been explored in the literature. Circulating miR-21 expression was increased by the
exercise training intervention. However, there was no differential effect of the exercise
protocols suggesting the difference in retrograde SR volumes between AIT and CON

did not influence expression.

5.4.7.1 Acute versus chronic expression of miR-21 following exercise

249



In the previous study of this thesis (Chapter 4), acute miR-21 expression was reduced
6 hours post exercise irrespective of type of exercise (CON or IT). This was in contrast
to a previous study by Baggish et al. (2011) who showed an upregulation following
acute maximal exercise. Baggish et al. (2011) also explored the effect of 90 days of
exercise training upon chronic miR-21 expression. There was an elevation in
circulating miR-21 expression following the exercise training period (Baggish et al.,
2011), thus supporting the increase in miR-21 expression found following the training
intervention in the current study. Increases in miR-21 expression with chronic
exercise is likely due to either transcriptional or post-transcriptional processing of
intra-cellular microRNA (Baggish et al., 2011). Another potential mechanism for
increased circulating miR-21 expression over time is through changes in plasma
volume (Baggish et al., 2011). Exercise training typically increases plasma volume
resulting in haemodilution which may affect levels of microRNA detected within the
circulation (Baggish et al., 2011). Plasma volume was not measured in the present
study therefore its influence over detection of circulating miR-21 cannot be

ascertained.

5.4.7.2 Association between in-exercise shear rate and miR-21

expression
Whilst miR-21 expression was not correlated with in-exercise anterograde or
anterograde SR, in vitro studies have shown shear stress to be important regulators
of miR-21 expression (Weber et al., 2010, Zhou et al., 2011). Analysis of in-exercise
shear rates in the present study demonstrated that mean and total retrograde SR
were highest throughout AIT exercise, with training there was a reduction in
retrograde SR with no influence of exercise protocol. Higher retrograde SR suggests
a more oscillatory SR pattern in the AIT exercise training group. However, no

difference in mean OSI was observed between the CON and AIT protocols and both
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appeared to produce predominantly laminar SR throughout the exercise session and
across training. Overexpression of miR-21 following exposure to oscillatory SR has
been shown to be associated with promotion of a pro-atherogenic endothelial cell
phenotype (Zhou et al., 2011). Endothelial function was improved following 4 weeks
of exercise training with no difference between CON and AIT training. This suggests
endothelial cell phenotype expresses an anti-atherogenic phenotype following
training in both groups, thus increased miR-21 expression maybe a positive
adaptation to exercise training. However, without further investigation into the
pathways which miR-21 overexpression regulates, it cannot be certain as to how

endothelial cell phenotype was affected.

5.4.8 Limitations

An obvious limitation to the current study is the sample size, with only four older males
successfully completing the study. Therefore, it was difficult to determine age by
gender by exercise protocol effects over the course of the exercise training
intervention due to low statistical power. This makes exercise prescription specific to

older males difficult as the sample is not adequately powered or representative.

When retrospective power was calculated for the main outcome variables in the
present study, it can be observed that the chance of making a type 2 error across the
exercise training intervention was 75% for retrograde SR, 82% for anterograde SR
and 36% for OSI. In contrast, the power to detect a type 2 error when assessing acute
relative FMD prior to exercise training was 64% and 90% when assessing acute
relative FMD following exercise training. The power to detect a type 2 error when
assessing chronic relative FMD pre and post exercise training was 13%. When the
effect of exercise protocol upon the aforementioned variables was investigated the
type 2 error for anterograde SR was 67%, 73% for retrograde SR and 94% for OSI.
The effect of exercise protocol upon relative FMD produced a power of 86%. When
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the effect of age upon the aforementioned variables was investigated the type 2 error
for anterograde SR was 94%, 55% for retrograde SR and 35% for OSI. The effect of
exercise protocol upon relative FMD produced a power of 88%. This suggests that
the power of the current study for detecting an effect of exercise training, age and
exercise protocol without making a type 2 error was low except when assessing
chronic FMD and OSI across the exercise training intervention, and OSI across age

groups.

Determination of effect size for the aforementioned variables shows that across the
exercise training intervention, retrograde SR demonstrated a medium-large effect,
anterograde SR a small-medium effect and OSI a large effect. Acute relative FMD
prior to exercise training demonstrated a large effect, whilst acute relative FMD
following exercise training demonstrated a small-medium effect. Chronic relative FMD

pre and post exercise training demonstrated a large effect.

Determination of effect size between age groups showed retrograde SR
demonstrated a large effect, anterograde SR a small effect and OSI a large effect.
The effect of age upon acute relative FMD demonstrated a large effect, whilst chronic
relative FMD also demonstrated a large effect. Determination of effect size between
exercise protocol groups showed retrograde SR demonstrated a medium-large effect,
anterograde SR a medium-large effect and OSI a small-medium effect. The effect of
exercise protocol upon acute relative FMD demonstrated a large effect, whilst chronic

relative FMD also demonstrated a large effect.

Overall, in-exercise anterograde and retrograde SR had insufficient power to
successfully assess the effect of exercise training, age and exercise protocol.
However, OSI appeared to demonstrate greater power which was supported by the
large effect sizes shown. It appeared that the current study was able to successfully

assess the effect of the exercise training intervention upon chronic FMD, which was

252



supported by the determination of a large effect size. Although, acute FMD showed
lower power and smaller effect sizes which was consistent when the effect of age and

exercise protocol was also assessed.

It was also evident during screening that a large proportion of the older participants
had some level of cardiovascular risk factors and were therefore excluded from
participating in the study. This was necessary to isolate the effect of ageing upon
vascular health without the influence of cardiovascular risk factors. However, the
sample of participants used in the current study may not be an accurate

representation of the population who the exercise prescription would be aimed at.

The importance of ageing in alteration of the balance between NO and ET-1 and the
resultant effect upon vascular function and structure has been emphasised
throughout this study. Furthermore, exercise has been shown in previous studies to
modify the relationship between NO and ET-1 to favour increased NO production
(Seals et al., 2008). However, in the current study ET-1 was not measured pre-or post
the exercise training intervention. It is therefore impossible to determine whether the
older population had elevated ET-1 concentrations compared to the younger
population and whether the exercise training protocols were capable of modifying ET-

1 expression.

The balance between increasing exercise intensity to stimulate further upregulation
of NO bioavailability and inducing ROS production has also been discussed.
However, in the current study no measures of ROS were made pre-or post-training.
Ageing has been associated with increased in ROS production (Donato et al., 2007).
Comparisons between younger and older groups prior to and following training may
have provided greater insight as to which exercise training intervention may be more

appropriate for specific populations. Indeed, prescribing AIT exercise in older
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participants with elevated levels of ROS may exacerbate inflammation resulting in

impaired vascular function.

5.4.9 Future Directions

Future studies would extend the duration of the exercise training intervention to
assess changes in arterial stiffness, endothelial function and circulating miR-21
expression. It has been discussed that changes in arterial structure require a longer
exercise training intervention to assess the differential effects of the prescribed
exercise protocols and the resultant role of exercise induced SR in modifying arterial
stiffness. Furthermore, both pre-and post-menopausal females were included in the
present study. However, important differences in vascular health and CVD risk have
been reported between pre-and post-menopausal females (British Heart Foundation,
2012). Therefore, if additional older females were recruited to the present study the
interaction of menopause and vascular health following the exercise training

intervention could be explored.

5.4.10 Conclusion

In relation to the main research question for the present study, four weeks of exercise
training altered SR pattern in both younger and older participants, furthermore acute

and chronic increases in FMD were also demonstrated.

Prior to training AIT exercise induced higher volumes of retrograde SR compared to
duration matched CON, at differing exercise intensity. Retrograde SR decreased from
the first to the final exercise training session with no change in anterograde SR and
no interaction with gender or age. Despite AIT inducing larger volumes of retrograde
SR to CON, both exercise protocols induced predominantly laminar SR during the
first and final exercise training sessions. Therefore, endothelial function showed
improvements acutely prior to training and chronically across the 4-week training

intervention in both AIT and CON exercise groups. Acute endothelial function
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following training was blunted compared to acute endothelial function prior to training.
Additionally, carotid artery stiffness was higher in older participants and was
unaffected by exercise training. Finally, chronic miR-21 expression demonstrated an

increase with training irrespective of exercise protocol, age or gender was evident.
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Chapter 6 General Discussion

6.1 Overview of thesis rationale and purpose

Cardiovascular disease (CVD) remains a leading cause of morbidity and mortality.
However, traditional CVD risk factors such as hypertension and diabetes account for
only 60% of CVD risk, the remaining 40% is thought to be related to vascular changes
(Green et al., 2008, Joyner and Green, 2009, Mora et al., 2007, Thijssen et al., 2010).
Endothelial cell phenotype, endothelial function and arterial stiffness are important
components of vascular health, due to their role in atherosclerosis development,

which may account for the remaining CVD risk.

An important regulator of vascular health is haemodynamics, for example shear
stress. Laminar shear stress aides the maintenance of endothelial function, prevents
arterial stiffness and upregulates expression of specific flow sensitive microRNAs
which promote an anti-atherogenic endothelial cell phenotype. Ageing increases CVD
risk and the prevalence of endothelial dysfunction (Seals et al., 2011), however the
exact mechanism of age-related declines in vascular health with age is unknown.
Importantly it does appear that there are alterations in haemodynamics with age.
Older adults appear to have reduced anterograde SR and increased retrograde SR
compared to younger adults (Young et al., 2010). This creates a lower overall mean
SR thus inducing higher volumes of oscillatory SR which may be as a result of
increases downstream peripheral resistance (Young et al.,, 2010). This thesis
attempted to explore in-exercise SR in younger and older populations during an

exercise training intervention.

Gender differences in CVD development are not commonly studied, however gender

plays an important role in the development and progression of CVD. Prior to
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menopause females have a reduced CVD risk compared to age matched males
(Celermajer et al., 1994), likely through the role of oestrogen in conveying vascular
health benefits. However, after the menopause women have a steeper decline in
cardiovascular health compared to age matched males resulting in equivalent CVD
risk between the genders (Celermajer et al., 1994). However, following a
cardiovascular event females have greater incidence of morbidity and mortality
compared to males (Shaw et al., 2006). Therefore, this thesis explored the role of
gender when attempting to modify CVD risk with ageing as comparatively little

research focusses on females to males.

Exercise is known to improve CVD risk, the improvement is reflected in improvements
in endothelial function, reductions in arterial stiffness and promotion of an anti-
atherogenic endothelial cell phenotype. It has been purported that exercise-induced
changes in haemodynamics, in particular shear stress, may be the stimulus for
exercise related improvements in vascular health (Green et al., 2017). However,
whilst shear stress may be an important stimulus for improvements in vascular health,
in-exercise shear stress has not been characterised during different types of exercise.
Shear stress during exercise is dependent upon changes in cardiac output, blood
pressure, vascular resistance and blood flow (Hawley et al., 2014). It has become
evident that type and intensity of exercise are integral aspects in determining exercise

induced shear stress.

Typically traditional moderate continuous exercise has been used when using
exercise to modify CVD risk, which matched current Government guidelines.
However, recently interval exercise has become a more popular way of exercising.
Interval exercise utilises repeated periods of higher intensity exercise interspersed
with periods of recovery to make the exercise session sustainable (Gibala et al.,

2012). It has also been shown that IT exercise is a more enjoyable way of exercising
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compared to traditional continuous exercise (Bartlett et al., 2011). However, although
interval exercise has been shown to improve endothelial function, the intensity of the
interval exercise is important as acute and chronic high intensity exercise have been
shown to impair endothelial function due to production of inflammatory markers
(Bailey et al., 2017, Yoo et al., 2017, Goto et al., 2003, Bergholm et al., 1999). A
further consideration when prescribing interval exercise for improvements in vascular
health is the oscillatory nature of interval exercise which is a result of the repeated
work and recovery periods. Research within this thesis attempted to characterise in-
exercise SR during multiple transitions between work and recovery. Additionally, this
thesis compared in-exercise SR during differing types of IT versus CON exercise to
determine whether there were differential effects upon acute and chronic vascular

health.

6.2 Summary of key findings

In chapter 4 it was hypothesised that IT exercise may induce an oscillatory SR pattern
which may adversely affect markers of vascular health compared to continuous
exercise in a group of young healthy males and females. The four differing acute
exercise protocols utilised in this first study were matched for exercise intensity and
duration and thus produced equivalent volumes of anterograde and retrograde SR
between protocols. Despite similar volumes of SR the patterns in which SR was
accumulated throughout the exercise sessions were very different. Pattern of
anterograde and retrograde SR in each exercise protocol were dependent upon the
work rate profile which in turn affected pattern of heart rate and blood flow. All four
exercise protocols induced similar volumes of OSI, despite brief periods of purely
oscillatory SR being achieved in all exercise protocols, mean OSI throughout all

exercise protocols suggested predominantly laminar shear was experienced. This
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was supported by acute improvement in endothelial function following all exercise
protocols. The improvement in endothelial function was equivalent between all
exercise protocols which suggests that the volume of SR rather than the differing
patterns of SR was a more important stimulus for changes in endothelial function.
MicroRNA-21 was selected as a potential circulating biomarker of endothelial cell
phenotype as regulated by shear stress. Following acute exercise miR-21 expression
was reduced. Previous studies had shown miR-21 expression to be upregulated in-
vitro following exposure to both laminar (Weber et al., 2010) and oscillatory shear
stress (Zhou et al., 2011). It is therefore difficult to determine how a reduction in miR-
21 expression affects endothelial cell phenotype without follow up of the pathways
which miR-21 regulates. Additionally, decreased circulating levels of acute miR-21
expression may reflect a reduction in endothelial cells shedding miR-21 into the
circulation with intracellular expression remaining high. As exercise induced
predominantly laminar shear and endothelial function was acutely improved it is likely

that endothelial cell phenotype was positively affected.

Chapter 4 assessed shear rate volumes and patterns during acute exercise and in a
younger population who had low CVD risk. However, the exercise used did induce
periods of purely oscillatory SR which is known to be damaging to vascular health.
Therefore, it was deemed pertinent to explore how accumulating the shear rate
volumes and patterns, in particular purely oscillatory SR over repeated exercise
session as per a chronic exercise training intervention would affect markers of
vascular health. It was also important to select a population with a greater CVD risk
to assess potential differences in SR patterns and resultant markers of vascular
health with exercise. Therefore, older males and females were recruited alongside

younger males and females to the study in Chapter 5. Selecting both genders also
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allowed potential differences in SR patterns and volumes to be discerned over the

course of the exercise training intervention.

In Chapter 5, AIT and CON exercise protocols were matched for duration but were of
differing exercise intensities based on percentage of HRpeak as determined from the
pre training ramp incremental test. These exercise protocols were chosen to
determine whether AIT and CON exercise-induced SR patterns differentially affected

acute and chronic measures of vascular health across age and genders.

Both anterograde and retrograde SR patterns followed the WR profile, HR and VO
throughout CON and AIT exercise, as in Chapter 4. Anterograde SR was not affected
by age, gender or exercise protocol. However, AIT exercise induced higher volumes
of retrograde SR compared to CON exercise; volumes of retrograde SR decreased
with exercise training. This supports the hypothesis for the study which stated that
AIT and CON exercise would differentially affect SR patterns, however in contrast to
the hypothesis there was no influence of age or gender upon these SR patterns. Both
exercise protocols did induce brief periods of purely oscillatory SR as in chapter 4,
however mean OSI indicated that predominantly laminar SR was produced
throughout both exercise protocols. Older individuals spent greater periods of time at
purely oscillatory SR compared to younger participants irrespective of the type of
exercise. With exercise training mean OSI was reduced in both exercise training
groups regardless of age or gender, however time spent as purely oscillatory SR

during exercise was not changed with training.

In contrast to previous literature, there no was no impairment in acute or chronic
endothelial function with age, indeed ageing and gender did not influence measures
of endothelial function. Despite differing SR patterns between exercise protocols,
equivalent improvements in acute endothelial function prior to training were observed.

However, following training this acute increase in endothelial function was blunted in
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both groups. This may have been due to a chronic increase in endothelial function
following exercise training in both AIT and CON groups irrespective of age and
gender. In agreement with previous literature, measures of carotid artery stiffness
prior to exercise training were higher in older participants with lower distensibility and
compliance also observed in the older compared to younger populations. No effect of
gender was observed. The 4 weeks of exercise training used in the current study did
not change carotid artery stiffness, distensibility or compliance with exercise training
in either AIT or CON groups. Circulating miR-21 expression was not influenced by
age or gender. Following exercise training in both conditions circulating miR-21
expression was increased irrespective of SR pattern and with no apparent influence
of age or gender. Due to miR-21 overexpression being regulated by both laminar and
oscillatory SR it is difficult to discern whether exercise training resulted in a pro or
anti-atherogenic endothelial cell phenotype. However, as endothelial function was
observed to improve with exercise training it may be assumed that overexpression of

miR-21 was associated with an anti atherogenic endothelial cell phenotype.

6.3 Implications for exercise prescription

Exercise reduces all cause morbidity and mortality and is a cost-effective alternative
to medications, thus reducing NHS burden and expenditure. However, the number of
individuals currently meeting the Government recommendations for exercise remains
low, with even lower rates of participation reported in females (BHF, 2015).
Investigations into perceived barriers to exercise have reported that individuals cite a
lack of time and enjoyment as the primary reasons for not participating in exercise
(Trost et al., 2002b). Additionally, some barriers to exercise may depend upon the

age and gender of the populations surveyed. This demonstrates that types of exercise
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may be better suited to certain populations in order to target desired outcomes and

improve chance of adherence based upon barriers to participation.

As discussed in detail previously (section 2.3.1), exercise mediated improvements in
vascular health are in part facilitated by exercise-induced SR. To maximise the
benefits upon vascular health from exercise-induced SR a number of alterations could
be made to the prescribed exercise protocols. In the current thesis, it appeared that
the mean intensity of the exercise session was the important factor in determining
volumes of anterograde and retrograde SR. Therefore, increasing the mean intensity
of the exercise session may induce greater volumes of SR leading to larger
improvements in vascular health. This could be achieved by using higher work rates
during the exercise protocols used in the current thesis. This would result in greater
peak anterograde and retrograde SR in addition to increasing the mean and total
volumes of SR. Indeed, sprint interval training (SIT) has been used in previous studies
to successfully induce improvements in peripheral vascular structure and function
(Rakobowchuk et al., 2008). The maximal efforts required for SIT likely resulted in the
attainment of near maximal HR, producing high volumes of blood flow and increasing
SR. A consideration for the prescription of SIT and increasing exercise intensity is the
balance between anti-oxidants and ROS production, as higher exercise intensities
may induce greater ROS production which would negatively affect vascular health.
The benefit of using IT exercise to attain higher exercise intensities is the inclusion of
recovery periods reduce overall exercise intensity thus reducing the likelihood of

excessive ROS production.

Additionally, the inclusion of long recovery periods can be detrimental when aiming
to increase the mean intensity of the exercise session in order to increase volumes
of SR. In the first study of this thesis, the inclusion of 3 minutes of recovery at the

equivalent of unloaded cycling resulted in SR returning to levels associated with the
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warm up period. This reduced the mean and total volume of SR during the exercise
session. Therefore, the recovery periods must consist of an increased work rate,
greater than unloaded but low enough to provide a recovery, or the recovery periods
must be kept short. This was evident during the Short IT exercise protocol in the first
study where the brief recovery periods (30 s) did not allow SR to decrease
substantially before the next work bout. It would therefore be recommended that for
IT exercise a duty cycle of 1:1, whereby equal lengths of work and recovery are

employed, or the recovery period could be half the duration of the work bout.

Exercise is known to be an effective method of increasing SR in order to improve
vascular health, however exercise independent methods of increasing SR have also
been explored which may benefit individuals who have conditions which limit their
ability to exercise, e.g. chronic obstructive pulmonary disease patients. Heating has
been shown to be an effective method of increasing SR to improve endothelial
function in previous studies (Naylor et al., 2011, Tinken et al., 2009). Typically, the
forearm is heated whilst upstream SR patterns and endothelial function are
measured. Tinken et al. (2009) immersed both forearms in a 40°C water bath
continuously for 30 min. Forearm heating did not induce retrograde SR as seen with
cycling exercise, however heating produces equivalent volumes of anterograde SR
to cycling. This resulted in equivalent improvements in acute endothelial function
between heating and cycling exercise (Tinken et al., 2009). This is likely due to a
reduction in peripheral vascular resistance through heating of the microvasculature
and cutaneous vascular which has been suggested to be the cause of increased
retrograde SR at the onset of aerobic exercise until thermoregulation causes a

reduction in downstream peripheral resistance (Green et al., 2010a).

It has been demonstrated that other methodologies are effective in inducing SR-

mediated improvements in endothelial function in addition to exercise. However,
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forearm heating may only induce localised adaptations in endothelial function
whereas exercise can induce systemic effects. Therefore, a method of increasing
core temperature maybe more beneficial to induce systemic adaptations rather than
localised heating. Carter et al. (2014) used hot water immersion of the legs for 30 min
to assess SR and endothelial function in the upper limb over an 8-week intervention.
Heating of the legs induced elevations in core temperature which increased blood
flow and SR in the upper arm (Carter et al., 2014). Endothelial function was improved
at 4 weeks into the intervention before returning to baseline at 8 weeks (Carter et al.,
2014). An interval approach, as has been explored in the current thesis, may be
applied to heating. Repeated bouts of heating and cooling may create higher peak
SR, increasing mean SR throughout a session thus inducing a greater stimulus for

improvements in endothelial function compared to continuous heating approach.

6.4 Limitations and Future Work

A key limitation in both studies within this thesis was the inability to accurately and
reliably determine blood pressure during exercise. Despite repeated efforts using a
variety of different instruments blood pressure during exercise was not collected.
Determination of blood pressure during exercise would enable further mechanisms
governing the role of shear stress to be determined. Future studies should make
further attempts to accurately determine in-exercise blood pressures through use of
a manual blood pressure cuff or a fingertip finometer if movement of the arm during

exercise is restricted, for example use of restraints.

The role of haemodynamics in regulating vascular health was a primary outcome of
this thesis. Whilst mechanisms which link haemodynamic stimuli to markers of
vascular health were nor directly studied it was assumed that upregulation of NO and

anti-oxidants as a result of exercise-induced SR were key mediators of improved
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endothelial function. Similarly, the literature review in this thesis explored many of the
determinants of endothelial dysfunction and arterial stiffness with age and across
genders such as ET-1, cellular senescence and apoptosis and sex steroids. However,
none of these variables were assessed in the current thesis and have important role
in the age-related decline in vascular health. Assessment of these variables within
the circulation may provide greater insight into the mechanism of changes in chronic
vascular health with exercise training and potential differences depending on the type
of exercise undertaken and the patterns and volumes of SR induced. Furthermore,
changes in NO bioavailability were inferred through the use of FMD which assesses
endothelium dependent NO mediated vasodilation. Whilst NO is a key mediator of
this process, as shown by NO antagonist L-NMMA (Taddei et al., 2001), there may
be other metabolites such as prostacyclin which may also contribute to the measured
vasodilation. Therefore, whilst direct measurement of NO concentration is difficult due
to its rapid half-life, measurement of a stable marker such as nitrate may provide

further insight into how exercise and SR affect vascular health through NO pathways.

In the current thesis shear rate was measured in the non-exercising upper limb during
lower limb cycling exercise. The use of the arm in this thesis is comparable to other
studies within this area of research due to technical difficulties in the assessment of
SR in the lower limb, during lower limb aerobic exercise. Previously, haemodynamics
have been measured in the lower limb during leg kicking exercise due to the ability to
immobilise the upper part of the leg (Thijssen et al., 2009a). However, leg kicking
exercise is a resistance type exercise which has a differential impact on blood
pressure and cardiac output which may affect SR patterns differently to aerobic type
exercise (Green et al.,, 2017). How SR patterns differ when measured in the
exercising limb is currently unknown however the properties of the femoral artery may

influence SR patterns. The femoral artery is known to be more atheroprone compared
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to the brachial artery, therefore there may be higher volumes of retrograde SR
contributing to higher oscillatory SR at rest. The effect of exercise upon these shear

rate patterns is yet to be explored.

MiR-21 expression following acute and chronic exercise was explored throughout this
thesis with inconclusive results upon the influence of exercise-induced SR patterns.
The possible factors which contribute to these inconclusive results have been
discussed in detail within the experimental chapters. Future studies may examine the
time course of peak circulating miR expression following acute exercise. This thesis
only examined one circulating microRNA, however previous studies have used a
panel to detect changes in expression of any circulating miRs. Therefore, future
studies should run a panel to detect any circulating miRs which regulate endothelial
cell phenotype which may be affected by the exercise-induced shear stimulus. Whilst
the current thesis inferred the effect of miR-21 upon endothelial cell phenotype and
its relation to endothelial function there did not appear to be an association between
miR-21 expression and endothelial function either chronically or acutely. Future
studies should attempt to determine the pathway which changes in miR-21
expression affects. In-vivo assessment of miR-21 expression, as in this thesis, only
detects the spill over of miR-21 from the endothelial cells into the circulation.
Therefore, in-vitro assessment of miR-21 either from harvesting human endothelial
cells following exercise or culturing human endothelial cells and exposing them to SR
equivalent to the exercise protocols within this thesis would provide information upon

miR-21 pathways.

Intensity of exercise, both acutely and chronically, affects SR pattern and can either
improve or impair endothelial function depending upon the effect upon inflammatory
markers. Volumes of retrograde SR increase with increasing exercise intensity

(Green et al., 2002b), this would result in higher OSI which may lead to impairment
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of endothelial function (Thijssen et al., 2009b). Future studies may expand upon
Chapter 4 and assess the impact of very heavy or moderate intensity CON and IT
exercise upon haemodynamics and the resultant effect upon endothelial function and
miR-21 expression. It would also be pertinent to measure markers of ROS to assess
the tipping point at which exercise intensity becomes detrimental to NO production

and endothelial function.

6.5 Concluding remarks

The studies presented within this thesis have demonstrated the role of exercise—
induced shear rate patterns in regulating markers of vascular health. This has been
explored acutely in young healthy participants using a variety of interval exercise
protocols versus traditional CON type exercise to induce different patterns of SR and
to evaluate the differential effect upon vascular health. The results from the first study
helped to inform a chronic exercise intervention in a young and an older population
to examine whether interval or CON shear rate patterns were more beneficial in
improving vascular health across age and genders. It is hoped that these studies will
add to previous research and inform future exercise prescription as to the most

beneficial type of exercise for specific populations.
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