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PREFACE

For this dissertation the article-format was followed, as this format is recommended and
approved by the North-West University for postgraduate studies. The layout of this
dissertation is as follows:

Chapter 1: Introduction and literature study
Chapter 2: Methodology

Chapter 3: Research article which comprises an abstract, introduction, methods, results,

discussion, conclusion, and acknowledgements.
Chapter 4: Summary and conclusions.

References are provided at the end of each chapter in the Vancouver referencing style as
required by the European Journal of Preventive Cardiology to which we will submit the
manuscript. This entire MHSc is formatted according to the guidelines of the journal to
ensure uniformity. Figures in this MHSc were designed by the student with Servier Medical

ART (https://smart.servier.com).
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SUMMARY
Motivation

Cardiovascular disease was responsible for 17.5 million deaths in 2014, which made it the
main cause of mortality among non-communicable diseases. Statistics from low- and middle-
income countries demonstrated that South Africa had the highest prevalence of hypertension
(78%), obesity (45%), and physical inactivity (59%) among individuals who are older than 50
years, compared to countries such as China, Ghana, India, Mexico, and Russia. These
figures are a cause for concern, considering that there is a dose-dependent relationship
between physical inactivity and cardiovascular disease. A sedentary lifestyle may for
instance cause endothelial dysfunction by means of increased oxidative stress and
inflammation, as well as a subsequent decrease in nitric oxide bioavailability. Physical
inactivity also contributes to increases in arterial stiffness (arteriosclerosis) and the
development of atherosclerosis. Pharmacological treatments for cardiovascular disease
have potential side effects and can be a financial burden, which limits the use of this
treatment in low- and middle-income countries such as South Africa. Physical activity has
been shown to be a cost-effective preventative, alternative, and conjoining therapy, which is
associated with lower cardiovascular disease mortality, independent of other cardiovascular
disease risk factors. In fact, the therapeutic effects of physical activity were shown to be as
effective as drug treatment for cardiovascular disease, highlighting the necessity for
research in this regard. Previous research demonstrated that high intensity physical activity
is required to obtain optimal cardiovascular risk-lowering benefits. However, this physical
activity prescription may be difficult to adhere to, especially in older populations. Limited
research is available that explores the relationship between physical inactivity and vascular
dysfunction, along with these associative factors in a South African population. Further,
research on physical inactivity and cardiovascular disease is generally obtained with
subjective measures such as self-reported questionnaires, therefore emphasising the need

for more objective research obtained by physical activity measuring devices.

Aim

The aim of this study was to investigate the interplay of vascular function measures,
including twenty-four hour blood pressure, total peripheral resistance, and Windkessel

compliance, with oxidative stress, inflammation, and nitric oxide synthesis capacity markers

in physically active and inactive South Africans.
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Methodology

This cross-sectional study formed part of the second phase of the Sympathetic activity and
Ambulatory Blood Pressure in Africans study. This phase of the study was conducted
between February 2011 and May 2012, and included 359 black and white school teachers,
between the ages of 25 and 65 years, from the Dr Kenneth Kaunda Educational District,
North West Province, South Africa. After the exclusion criteria were met, a total of 216 black
and white men and women were included. Exclusion criteria included an ear temperature
>37.5°C, a- and B- blocker/psychotropic substance users, pregnant/lactating women, and
individuals vaccinated/donated blood within three months prior to participation. Additional
exclusion criteria for our study are participants with physical activity recordings that did not

last the entire seven days, or recordings with more than 40 minutes daily lost time.

Standardised methods were used to capture data, which included physical activity
measurements with a validated Actiheart® (CamNtech Ltd., Cambridge, UK), anthropometric
measurements, and questionnaires. Cardiovascular measurements comprised Windkessel
compliance and total peripheral resistance measured with a validated Finometer device
(Finapres Medical Systems®, Amsterdam, Netherlands). Twenty-four hour blood pressure,
including systolic blood pressure, diastolic blood pressure, mean arterial pressure, and pulse
pressure were also measured with a validated Meditech Cardiotens CE120® apparatus
(Budapest, Hungary). Biochemical analyses included markers of oxidative stress such as
glutathione reductase, glutathione peroxidase, total glutathione, gamma-glutamyltransferase,
and thiobarbituric acid reactive substances. Inflammatory markers such as interleukin-6, C-
reactive protein, monocytes, and neutrophil/lymphocyte ratio, as well as nitric oxide
synthesis capacity markers such as L-homoarginine, asymmetric dimethylarginine, and

symmetric dimethylarginine were also measured.

Participants were divided into physically active (n=84) and physically inactive (n=132) groups
according to the 2008 United States Physical Activity Guidelines. Means between groups
were compared with the use of analyses of covariance whereas proportions were compared
with Chi-square tests. Relationships of cardiovascular variables with markers of oxidative
stress, inflammation and nitric oxide synthesis capacity were investigated by means of

partial and multiple regression analyses.
Results and conclusions

The physically active group consisted of 84 (38.9%) participants, of whom only 3 (3.57%)
participants achieved high intensity physical activity levels. The physically active group

included 18.3% fewer black participants (p=0.009) than the inactive group, but sex
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distribution was similar. Despite higher total energy expenditure and activity-related energy
expenditure levels (both p<0.001) in the physically active group, body mass index was

higher (p=0.046) than in the physically inactive group.

Physically active participants had higher Windkessel compliance (p=0.041) and L-
homoarginine (p=0.006) while gamma-glutamyltransferase was lower (p=0.034) when
compared to the inactive group. Unexpectedly, thiobarbituric acid reactive substances
(p=0.043) were higher in the physically active group. Both partial and multiple regression
analyses revealed associations between twenty-four hour diastolic blood pressure and total
glutathione (f=0.18; p=0.037), as well as L-homoarginine (=0.21; p=0.028) in the physically
active group. Additionally, in multiple regression analyses, twenty-four hour systolic blood
pressure ($=0.18; p=0.04) and twenty-four hour mean arterial pressure (=0.20; p=0.025)
correlated with L-homoarginine. In both analyses, the physically inactive group showed
relationships of twenty-four hour systolic blood pressure (=0.25; p=0.001), twenty-four hour
diastolic blood pressure (f=0.20; p=0.013), twenty-four hour mean arterial pressure (=0.23;
p=0.003), and twenty-four hour pulse pressure (p=0.21; p=0.012) with symmetric
dimethylarginine. In further analyses, since cardiovascular variables did not associate with
markers of inflammation in multiple regression analyses, we repeated the above analyses,
with additional inclusion of C-reactive protein to the models. Associations remained
unchanged, indicating that the results are independent of inflammation.

In conclusion, even moderate physical activity alters vascular risk, possibly by means of
modifications in nitric oxide synthesis capacity. These results suggest that increased nitric
oxide synthesis capacity due to physical activity may mitigate the development of

cardiovascular disease in a South African population.

Key words: L-homoarginine, asymmetric dimethylarginine, symmetric dimethylarginine,

oxidative stress, inflammation, physical activity.

viii



LIST OF ABBREVIATIONS

AEE Activity-related energy expenditure
ABPM Ambulatory blood pressure measurement
ADMA Asymmetric dimethylarginine

BMI Body mass index

CvD Cardiovascular diseases

Cwk Windkessel compliance

CRP C-reactive protein

DBP Diastolic blood pressure

EDTA Ethylenediaminetetraacetic acid
eNOS Endothelial nitric oxide synthase
eGFR Estimated glomerular filtration rate
GGT Gamma-glutamyltransferase

GPx Glutathione peroxidase

GR Glutathione reductase

HbAlc Glycated haemoglobin

HDL-C High-density lipoprotein cholesterol
HIV Human immunodeficiency virus
IL-6 Interleukin-6

LDL-C Low-density lipoprotein cholesterol
MAP Mean arterial pressure

METs Metabolic equivalents

NADPH Nicotinamide adenine dinucleotide oxidase

NLR Neutrophil/lymphocyte ratio



NO

PP

ROS

SABPA

SBP

SDMA

SOD

TBARS

TC

tGSH

TEE

TNF-a

TPR

wC

Nitric oxide

Pulse pressure

Reactive oxygen species

Sympathetic activity and Ambulatory Blood Pressure in Africans
Systolic blood pressure

Symmetric dimethylarginine
Superoxide dismutase

Thiobarbituric acid reactive substances
Total cholesterol

Total glutathione

Total energy expenditure

Tumour necrosis factor alpha

Total peripheral resistance

Waist circumference



LIST OF TABLES
Chapter 3

Table 3.1. Characteristics of the total study population, as well as comparisons between

physically active and iNACiVE grOUPS ........uuuiiii i it e e e e e e e e e 49

Supplementary Table 3.1. Partial regression analyses of cardiovascular markers with

markers of oxidative stress and inflammation in physically active and inactive groups........ 52

Supplementary Table 3.2. Multiple regression analyses of cardiovascular markers with
markers of oxidative stress and inflammation in the physically active group........................ 54

Supplementary Table 3.3. Multiple regression analyses of cardiovascular markers with
markers of oxidative stress and inflammation in the physically inactive group..................... 55

Supplementary Table 3.4. Multiple regression analyses of cardiovascular markers and
markers of oxidative stress, with an additional adjustment for inflammation in physically
active and inactive groups, reSPECHIVEIY ......ccooii i 56

Xi



LIST OF FIGURES

Chapter 1
Figure 1.1: Vascular triad of oxidative stress, inflammation, and vascular dysfunction ........... 4
Figure 1.2: Mechanism by which physical activity increases vasodilation..............ccccccevveeee.. 6

Figure 1.3: The mechanism by which endogenous anti-oxidant enzymes inactivate reactive

(0140 L= T 0 1= o =PRSS 8

Figure 1.4: Increased endogenous anti-oxidants from optimal physical activity, as illustrated

by means of the HOrmMeESIS thEOIY .........ooveiiiii e 9
Chapter 2
Figure 2.1: Areas involved in this study from the North West Province, South Africa ........... 22

Figure 2.2: Flow diagram of SABPA Phase | and SABPA Phase Il with additional exclusion

CHEENA fOr thiS STUAY .....cciiei e e e e e e e e e r e e e e e 24
Figure 2.3: lllustration of METS CAt@QONES ....uuuuuiiiiieiiieiiiiieie e ee et e e e e e arre e eeeeeaanees 27
Chapter 3

Figure 3.1: Independent associations of cardiovascular markers with L-homoarginine,
total Glutathione, and SDMA in physically active and inactive participants respectively ....... 51

Chapter 4

Figure 4.1: Associations of blood pressure with L-homoarginine and total glutathione as well
as increased L-homoarginine and thiobarbituric acid reactive substances in the physically

o 1LY =R o | {01V o TP P RS 64

Figure 4.2: Associations of blood pressure with symmetric dimethylarginine in the physically

1= ox 1)Y= 0 | o 18] o U 65

Xii



INTRODUCTION AND LITERATURE STUDY



1. Introduction

Cardiovascular disease (CVD) was responsible for 17.5 million deaths in 2014, which made
it the main cause of mortality among non-communicable diseases [1]. Future projections
show that annual CVD mortality will increase to 22.2 million by the year 2030 [1]. A vast
majority of CVD can be attributed to endothelial dysfunction [2], and contributing factors
include, but are not limited to, alcohol abuse, smoking, increased blood glucose,
dyslipidaemia, obesity, metabolic syndrome, and physical inactivity [3,4,5]. Lloyd-Sherlock et
al., [6] compared cardiovascular risk factors in low- and middle-income countries which
included China, Ghana, India, Mexico, Russia, and South Africa. Data obtained during the
2007-2010 time period demonstrated that South Africa had the highest prevalence of
hypertension (78%), obesity (45.1%), and physical inactivity (59.4%) among individuals who
are 50 years and older [6]. Given these statistics, Lloyd-Sherlock et al., recommended that

dietary and physical activity awareness be given top priority in countries like South Africa [6].

Physical inactivity is a more powerful predictor of chronic disease in comparison to risk
factors such as obesity, hypertension, diabetes, and hyperlipidaemia [7,8]. In effect, physical
inactivity is responsible for 6-10% of deaths caused by non-communicable diseases and is
one of the leading risk factors for CVD due to its deleterious effects on the vasculature [5,8].
A survey conducted by the World Health Organisation indicated that 42.2% of South African
men and 51.6% of South African women do not meet the prescribed minimum
recommended physical activity requirements [1]. Another study demonstrated similar
findings with a 59.7% overall physical inactivity in South Africa [9]. These figures are a cause
for concern, considering that there is a dose-dependent relationship between physical
inactivity and CVD [10]. Previous findings from the Sympathetic activity and Ambulatory
Blood Pressure in Africa (SABPA) study by Hamer et al. [11] supported these findings. This
study concluded that hypertensive participants (blood pressure 140+17 / 93+10 mmHg)
spend considerably more (10.7%) sedentary waking hours per day compared to the
normotensive group (blood pressure 117+10 / 79£8 mmHg). In another study on the same
South African cohort it was further demonstrated that black men had more sedentary time
and less moderate physical activity time when compared to white men [12]. Socio-economic
similarities in the SABPA study was ensured as all participants where teachers [12]. Physical
inactivity, alongside other contributing risk factors, may therefore partially explain why black

men have a higher prevalence of hypertension when compared to white men [12].

It was further concluded that vascular disease strongly correlated with increased body mass
index [13,14]. These findings are supported by the fact that adults with higher physical

activity levels have lower serum cholesterol, systolic blood pressure (SBP) and body mass



index compared to their counterparts who had lower physical activity levels [10]. Additionally,
it was indicated that habitual physical activity improved endothelial function in obese and
overweight participants, even in the absence of changes in body composition [5]. This
suggests that physical activity may exclusively be considered as a general determinant of

vascular health, independent of alterations in adipose tissue [5].

Physical inactivity can increase levels of oxidative stress and inflammation, as well as
decrease nitric oxide synthesis capacity, which all play an essential role in the development
of vascular disease [15]. A sedentary lifestyle is further associated with cardiometabolic risk
factors which are known to worsen oxidative stress and inflammation [16,17]. These
vascular changes can result in endothelial dysfunction and increased stiffness of the arteries
[5,18]. The following literature will underpin the effects of physical activity on different
aspects related to the vasculature, including vascular function, nitric oxide synthesis
capacity, oxidative stress, and inflammation.

2. Vascular function/dysfunction

Endothelial dysfunction is characterised by an imbalance between vasodilator and
vasoconstrictor substances, caused by either increased levels of vasoconstrictors or
decreased levels of vasodilators [19]. Endothelial dysfunction is also associated with a bi-
directional relationship between oxidative stress and inflammation [20,21]. As illustrated in
Figure 1.1, increased levels of oxidative stress and inflammation may decrease the
bioavailability of nitric oxide, which is central to endothelial dysfunction [22,23]. The
bioavailability of nitric oxide plays an essential role in endothelial health by functioning as a
vasodilator [23]. Nitric oxide facilitates vasodilation by serving as an intracellular messenger
for guanylate cyclase stimulation, and subsequently leads to relaxation of smooth muscle
cells in the blood vessels [24]. In addition, nitric oxide has several other protective functions
in the vasculature such as the prevention of leukocyte and platelet adhesion [23]. Nitric oxide

thus has antihypertensive, antithrombotic, and anti-atherosclerotic properties [23,25].
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Figure 1.1: Vascular triad of oxidative stress, inflammation, and vascular dysfunction

Nitric oxide is produced by calcium dependent endothelial nitric oxide synthase (eNOS),
located on the endothelial cell membrane [25]. Endothelial nitric oxide synthase makes use
of the amino acid, L-arginine, as a substrate for nitric oxide production [25]. Decreased
availability of L-arginine may therefore play a role in endothelial dysfunction [26]. L-
homoarginine, an analogue of L-arginine, may serve as an arginase inhibitor [27]. The
arginase enzyme functions as a catalyst to convert arginine into ornithine and urea [27].
Homoarginine-mediated arginase inhibition may result in increased levels of L-arginine, and
subsequently increased nitric oxide synthesis [27], which favours vasodilation [24]. However,
this is more likely to occur at elevated levels and it has been suggested that L-
homoarginine's function as a substrate for nitric oxide synthase or its ability to facilitate
nitrate excretion may be responsible for the cardioprotective effects of L-homoarginine [27].
Conversely, it was also proposed that L-homoarginine is a weak substrate for nitric oxide
synthase and thus competes with L-arginine as L-homoarginine has a 10 to 20-fold lower
binding affinity compared to L-arginine [28]. Despite L-homoarginine's weak binding affinity,
it may have a more prolonged effect than L-arginine. Experimental studies done in mouse
models showed eight hours of nitric oxide synthase activity after L-homoarginine
supplementation, and only four hours of nitric oxide synthase activity after arginine

supplementation [28].

Other factors inhibiting nitric oxide production include endogenous eNOS inhibitors,
symmetric dimethylarginine (SDMA), and asymmetric dimethylarginine (ADMA) [26,29].
Asymmetric dimethylarginine competes with L-arginine for binding to eNOS with consequent

inhibition of nitric oxide synthesis [24], whereas SDMA indirectly inhibits nitric oxide
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synthesis by decreasing L-arginine transport from plasma into endothelial cells [29,30].
Symmetric dimethylarginine levels are also an indication of renal function, which affects
cardiovascular health [29]. The kidney plays a role in cardiovascular function as it contains
an aminotransferase that catalyses L-homoarginine synthesis from the amino acid, L-lysine
[28]. Research therefore shows a correlation between L-homoarginine and kidney function
measured from creatinine and estimated glomerular filtration rate [28]. Ultimately, reduced
nitric oxide bioavailability in the vasculature is not only associated with vasoconstriction, but
also with leukocyte adhesion, platelet adhesion and aggregation, as well as proliferation of
vascular smooth muscle cells [22].

Arterial stiffness is a cardiovascular risk factor [31], characterised by decreased compliance
and increased resistance of the vasculature, which is caused by functional changes in
vascular smooth muscle tone and structural changes in the vascular wall [32,33,34].
Increased arterial stiffness is age dependent and accompanied by increased oxidative stress
and a pro-inflammatory state [20,23,32,35,36]. However, physical inactivity and dietary
habits have been shown to be a larger predictor of CVD than age [36]. Endothelial
dysfunction may be the initial step in the development of arteriosclerosis [20]. Ultimately,
vascular remodelling due to endothelial dysfunction may increase the development of
arteriosclerosis and arterial stiffness, which is well known to accompany the ageing process
[34].

2.1 Vascular function and physical activity

Improved vascular function and smooth muscle tone, induced by physical activity, occur due
to decreased oxidative stress and inflammation, along with increased nitric oxide
bioavailability [5,32,33,37]. Higher levels of physical activity induce structural improvements
evidenced by decreased intima-media thickness, decreased collagen deposition, and
decreased fragmentation of elastin [5,37]. It is implied that increased nitric oxide synthesis
capacity is primarily responsible for the advantageous effects which physical activity has on
the vasculature [5]. As shown in Figure 1.2, the beneficial effects of physical activity on nitric
oxide synthesis capacity and vascular function may in part be explained by the effects of
increased shear stress during physical activity [24]. Increased shear stress during physical
activity can activate calcium dependent eNOS to produce nitric oxide from L-arginine [24].
Physical activity also improves L-arginine transport from the plasma into the endothelial

cells, thereby increasing L-arginine availability for nitric oxide synthesis [38].
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Figure 1.2: Mechanism by which physical activity increases vasodilation

In addition to increasing L-arginine, physical activity further increases nitric oxide
bioavailability by lowering SDMA and ADMA [26,29]. The production of ADMA and SDMA is
increased by oxidative stress and inflammation [39]. Therefore, habitual physical activity
decreases ADMA and SDMA levels resulting from decreased oxidative stress and
inflammation [39]. In addition, dimethylarginine dimethylamino-hydrolase is known to break
down ADMA, and physical activity enhances the messenger ribonucleic acid gene
expression thereof [39]. Research revealed these benefits of physical activity in
postmenopausal women where it resulted in decreased ADMA, which was also inversely

correlated with arterial compliance [39].

Physical activity is well known to reduce arterial stiffness and improve endothelial function,
even in individuals with a family history of hypertension [5]. Research indicated that master
endurance athletes have enhanced vascular function and decreased arterial stiffness
characteristics, including higher vascular compliance, lower total peripheral resistance (TPR)
and lower pulse pressure, compared to their sedentary peers [40]. This is supported by
another study which found that endurance-trained men had 70%-120% higher venous

compliance when compared to their physically inactive counterparts [26].



In contrast, physically inactive individuals have increased levels of oxidative stress and
inflammation with a concomitant decrease in nitric oxide, which leads to endothelial
dysfunction, and ultimately vasoconstriction [32,41]. Additionally, ADMA and SDMA both
increase due to oxidative stress and inflammation [42]. Oxidative stress, in particular, can
activate the enzyme arginine methyltransferase-2 which is needed for ADMA and SDMA
synthesis [43]. It seems feasible to propose that inadequate nitric oxide bioavailability may
be central to this triad of oxidative stress, inflammation, and endothelial dysfunction which
takes place in individuals who are physically inactive [23,44].

Physical inactivity is associated with increased arterial stiffness, which is caused and
aggravated by endothelial dysfunction [20,23,32]. Research revealed that physical inactivity
among ageing individuals results in lower venous compliance [26]. Physical inactivity causes
endothelial damage due to oxidative stress and inflammation, and therefore cell adhesion
molecules emerge [22]. Consequently, monocytes are attracted and transformed into
macrophages [22]. Macrophages become foam cells as they engulf oxidised low-density
lipoprotein cholesterol, stimulating the proliferation of smooth muscle cells, and eventually
lead to the formation of atherosclerotic plaque [23]. The foam cells additionally secrete
inflammatory cytokines, which leads to a further increase in reactive oxygen species
production [44]. Reactive oxygen species therefore both initiates the inflammatory process
and is also a consequence thereof, causing a downward spiral of vascular dysfunction to
occur [44]. In the long term, arterial stiffness associates with increased morbidity and

mortality in physically inactive individuals [45].

3. Oxidative stress

Free radicals are molecules with the ability to remove electrons from other substrates and
thereby generate reactive species [35]. Free radicals play a central role as regulatory
mediators in cell signalling and are required in moderation to upregulate endogenous anti-
oxidants as a result of physical activity [46].However, at high levels reactive oxygen species
may have detrimental effects [46]. Superoxide is the primary source of reactive oxygen
species and plays a role in the formation of secondary reactive oxygen species, such as
hydroxyl radicals and hydrogen peroxide [23,35,47]. Sources of superoxide production are
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, uncoupled eNOS, xanthine
oxidases, cyclooxygenases, lipoxygenases, cytochrome P450s, and oxidative
phosphorylation [2,35]. Further to this, superoxide has a propensity to react with nitric oxide
and form peroxynitrite [23]. Oxidative stress therefore plays a key role in vascular

dysfunction [32]. Many factors are associated with increased oxidative stress such as



increased adipose tissue, hyperglycaemia, dyslipidaemia, inflammation, hypertension, and
physical inactivity [18,26,35,48].

Anti-oxidant substances are capable of mitigating the oxidation of other substrates by
donating electrons [35]. Figure 1.3 illustrates how the endogenous anti-oxidant enzymes
glutathione peroxidase (GPx), superoxide dismutase (SOD), catalase (CAT), and glutathione
reductase (GR), are used to scavenge reactive species and lower oxidative stress
[15,35,49]. Superoxide dismutase is used to catalyse superoxide and produce hydrogen
peroxide [20]. In addition, hydrogen peroxide can be neutralised by catalase or glutathione
peroxidase to form water and oxygen [35,25]. An imbalance, which favours pro-oxidants
over anti-oxidants, results in oxidative stress and leads to disruptive cell signalling and

molecular damage [35].
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Figure 1.3: The mechanism by which endogenous anti-oxidant enzymes inactivate reactive

oxygen species

3.1 Oxidative stress and physical activity

According to the Hormesis theory illustrated in Figure 1.4, increased production of reactive
oxygen species due to physical activity seems to be necessary to up-regulate the
endogenous anti-oxidant system and alter the body's redox system into a more reduced
state [46]. An acute session of exercise increases reactive oxygen species by means of the
mitochondrial electron transport chain and uncoupled eNOS [15]. The exercise-induced
production of reactive oxygen species then serves as a signal to induce the up-regulation of

the enzymatic antioxidant defence system [15] by stimulating the expression of genes which
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regulate anti-oxidant enzymes [49]. Instead of exercise, even a minimum weekly session of
moderate to high intensity physical activity has been shown to be beneficial to
cardiovascular disease [5]. However, other studies suggested that high intensity physical
activity is needed to up-regulate anti-oxidant enzymes [5,22]. Long term physical activity can
therefore mitigate the production of reactive species and enhance the body's endogenous
anti-oxidant defence system [48]. In addition, well-trained athletes are more resistant to
acute oxidative stress from strenuous exercise than sedentary individuals [46]. Various
studies supported the fact that habitual physical activity increases vascular expression of
these anti-oxidant enzymes and decreases reactive oxygen species-producing enzymes
such as NADPH oxidase [15,26]. Decreased oxidative stress from habitual physical activity
may be partly responsible for improvements in endothelial function and arterial stiffness [32].

Physically inactive individuals also display lower levels of endogenous anti-oxidant enzymes,
such as SOD, GPx, CAT, and GR when compared to physically active individuals [50]. In
addition, physical inactivity is characterised by oxidative stress which causes damage to the
vascular endothelium [5,32]. Physical inactivity increases oxidative stress by means of
increased NADPH oxidase activity [51], a significant source of superoxide [5]. In turn, the
overproduction of superoxide can result in endothelial dysfunction, as nitric oxide is

scavenged by superoxide [5].
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Figure 1.4: Increased endogenous anti-oxidants from optimal physical activity, as illustrated

by means of the Hormesis theory

4. Inflammation

Inflammation is known to play a role in the body’s defence mechanism against infection or
tissue damage [23]. Vascular inflammation results from factors such as increased reactive
oxygen species, triglycerides, low-density lipoprotein cholesterol, hyperglycaemia, and
cotinine from smoking, which all have deleterious effects on the endothelium and may
contribute to atherosclerotic plaque formation [44,52,53]. Inflammation can predict the
development of a vast array of chronic diseases [54]. As such, endothelial health is

associated with low levels of inflammation [22].

4.1 Inflammation and physical activity

Depending on the circumstances, exercise can worsen or attenuate inflammation [55]. An
acute session of exercise may cause muscle and soft tissue damage, which activates an
inflammatory response and result in increased levels of interleukin-6 (IL-6) [8,44,55].
However, this type of inflammatory response, caused by an acute session of exercise,
diminishes with long term physical activity as the muscle and soft tissue adapt [55,22].
Although not as strenuous as exercise, regular physical activity can lead to decreased
systemic inflammation which is associated with improved vascular health [55,5]. The effect
of physical activity on systemic inflammation is often measured by levels of cytokines such
as C-reactive protein (CRP), IL-6, and tumour necrosis factor-alpha. Habitual physical
activity decreases CRP and various pro-inflammatory cytokines such as interleukin-1, IL-6,
tumour necrosis factor-alpha, along with inflammatory cells such as lymphocytes,
monocytes, and neutrophils [8,44,56,57]. Furthermore, an inverse relationship between CRP
and physical activity is evident, independent of other cardiovascular disease risk factors
such as obesity or insulin resistance [55]. Another manner, by which physical activity lowers
inflammation, is by lowering oxidative stress [55] and atherogenic activity in the vasculature
[10]. Additionally, age progression has been linked to increased inflammation and
cardiovascular disease [55]. Physical activity may decrease inflammation in ageing
individuals without the potential side effects of pharmacological treatment [55]. However, as
with oxidative stress, research suggests that high intensity physical activity is needed to

decrease inflammation [5,22].

In contrast to physically active individuals, more inflammatory mediators, such as IL-6 and
tumour necrosis factor alpha, are being released in physically inactive individuals [23,41].

Chronically increased systemic inflammation in physically inactive individuals ultimately
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contributes to the development of vascular pathology [23,41]. Physical inactivity may also
play a role in low-grade inflammation by secreting tumour necrosis factor-alpha, which in
turn increases reactive oxygen species production through activation of NADPH oxidase
[58].

5. Other cardiovascular disease risk factors and physical inactivity

Physical inactivity may increase the prevalence of cardiometabolic risk factors such as
hyperglycaemia, obesity, dyslipidaemia [5], and gamma-glutamyltransferase [59].These risk
factors are associated with increased oxidative stress and inflammation, as well as reduced
nitric oxide [5,47]. In addition to vasoconstriction from decreased nitric oxide,
cardiometabolic risk factors may play a role in the development of endothelial dysfunction
and arterial stiffness [5].

5.1 Hyperglycaemia and physical inactivity

Vascular changes from type 2 diabetes mellitus may result in adverse changes within the
vascular wall, such as increased intima-media thickness, which is known to exacerbate
arterial stiffness [32]. It is evident from the literature that endothelial exposure to high levels
of glucose is also accompanied by reduced nitric oxide availability [5]. Hyperglycaemia has
shown to promote the uncoupling of eNOS and endothelial NADPH oxidase [47], which is a
major source of the nitric oxide scavenger, superoxide [5]. Intracellular hyperglycaemic

conditions are further known to reduce the anti-oxidant substance, glutathione [47].

5.2 Obesity and physical inactivity

Physical inactivity may further contribute to an increase in adipose tissue and the
development of obesity, which is also associated with oxidative stress, inflammation, and
consequently endothelial dysfunction [5,17,18]. Endothelial dysfunction in individuals with
obesity may be a consequence of altered signalling between adipose tissue and the
endothelium [5]. Adipose tissue operates as a metabolic and endocrine organ as it produces
pro-inflammatory cytokines, chemokines, and hormones [5]. Damage caused to the
endothelial cells by increased adiposity may result in the release of cell adhesion molecules,
and subsequently atherosclerosis [22]. A positive correlation therefore occurs between body
mass index and pro-inflammatory markers such as IL-6 and CRP [60]. Pro-inflammatory
cytokines released by adipocytes ultimately result in decreased nitric oxide synthesis
capacity [5]. Moreover, increased adipose tissue and impaired lipolysis also result in NADPH

oxidase activation which leads to excess reactive oxygen species production [5].

5.3 Dyslipidaemia and physical inactivity
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Endothelial exposure to high levels of lipids is accompanied by increased oxidative stress
and reduced nitric oxide availability [5,47]. Dyslipidaemia, due to physical inactivity [17] have
shown to play a role in NADPH oxidase expression and thus increased reactive oxygen
species production [47]. Reactive oxygen species from physical inactivity may oxidise low-
density lipoprotein cholesterol by means of lipid peroxidation and result in an increased
production of the by-product thiobarbituric acid reactive substances (TBARS) [25]. Physical
activity has been shown to reduce TBARS and this may be a result of nitric oxide's ability to
inhibit lipid peroxidation [25]. In turn, oxidised low-density lipoprotein cholesterol may
increase NADPH oxidase activity and further aggravate superoxide formation [22,47].

5.4 Gamma-glutamyltransferase and physical inactivity

Gamma-glutamyltransferase (GGT) is not only related to alcohol use and liver function, but
is also a biomarker for oxidative stress and glutathione metabolism [59]. This independent
risk marker of cardiovascular disease inversely correlates with physical activity [59]. Also,
GGT positively correlates with cardiometabolic risk factors such as high triglycerides,
increased body mass index, high blood pressure, low-density lipoprotein cholesterol, and
fasting blood glucose [3,59]. Correlations between GGT and oxidative stress are evident in
the ability of GGT to degrade glutathione, an important anti-oxidant [59]. However, GGT is
required to hydrolyse extracellular glutathione into glutamate and cysteinylglycine-dipeptide,

which are reused for intracellular glutathione synthesis [59].

6. Motivation

In 2011, it was estimated that South Africa had 3.3 million diagnosed hypertensive cases, of
which 2.1 million received treatment [61]. Hypertension prevalence is the highest in low- and
middle-income countries such as South Africa, where individuals often remain uninformed,
undiagnosed, and untreated [62]. In fact, about 80% of hypertensive cases occur in low- and
middle-income countries, with an incidence of just 20% in high-income countries [63].
Mortality caused by CVD has been significantly reduced in most high-income countries due
to governmental policies which assist with the implementation of a healthier lifestyle, along

with the provision of reasonable health care [1].

Physical inactivity is an independent risk factor for cardiovascular disease and may play a
role in the impairment of vascular function, which partially explains the dose-dependent
relationship among physical inactivity and cardiovascular disease incidence [10]. A
sedentary lifestyle may cause endothelial dysfunction by means of increased oxidative
stress and inflammation, as well as a subsequent decrease in nitric oxide bioavailability [15].
Additionally, physical inactivity increases cardiometabolic risk factors which may further

contribute to endothelial dysfunction [5].
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Pharmacological treatments for cardiovascular disease have potential side effects and can
be a financial burden, which limits the use of treatment [54]. Furthermore, the 2011-2012
South African National Health and Nutrition Examination Survey study found that 13.5% of
hypertensive individuals who received treatment still had uncontrolled blood pressure [64]. A
multi-disciplinary approach may be more effective for these individuals where treatment
strategies are combined. Such an approach has been proven to be effective atlowering
blood pressure in other diseases such as type 2 diabetes mellitus, which included dietary
changes, increased physical activity and psychological counselling along with medication
use [65].0n the other hand, habitual physical activity was proven to be as effective as
pharmacological treatments for some CVD [66], even in the absence of weight loss [7]. It is
suggested that shear stress from physical activity leads to higher levels of nitric oxide
synthesis [24], which is mainly responsible for the beneficial effects of physical activity on the
vasculature [5]. This is due to the ability of nitric oxide to improve vasodilation by means of
vascular smooth muscle relaxation [24]. Physical activity also increases nitric oxide
bioavailability by lowering the eNOS inhibitors, ADMA and SDMA [26,29]. The production of
these eNOS inhibitors are increased by oxidative stress and inflammation [39], which are
also lowered by physical activity [5,15]. Lower levels of oxidative stress [5] and inflammation
[22,23] from physical activity is further important as both are nitric oxide scavengers.
Strategies proposed to increase physical activity are therefore one of the most cost-effective

ways to improve cardiovascular health and related co-morbidities [61].
7. Aim

The aim of this study was to investigate the interplay of vascular function with oxidative
stress, inflammation, and nitric oxide synthesis capacity in physically active and inactive

South Africans.

8. Objectives

Our objectives were to:

o Explore the difference between markers of vascular function (Windkessel compliance
(Cwk), TPR, twenty-four hour (24h)SBP, 24h diastolic blood pressure (DBP), 24h
mean arterial pressure (MAP), and 24h pulse pressure (PP)), oxidative stress (total
glutathione (tGSH), GPx, GR, and TBARS), inflammation (CRP, IL-6, neutrophil-
lymphocyte ratio (NLR), and monocytes), and nitric oxide synthesis capacity (L-
homoarginine, ADMA, and SDMA) between physically active and inactive South

Africans; and to
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Investigate whether markers of vascular function (Cwk, TPR, 24h SBP, 24h DBP, 24h
MAP, and 24h PP), are associated with markers of oxidative stress (tGSH, GPx, GR,
and TBARS), inflammation (CRP, IL-6, NLR, and monocytes), and/or nitric oxide
synthesis capacity (L-homoarginine, ADMA, and SDMA) in physically active and
inactive South Africans.

9. Hypotheses

From the literature we hypothesised that:

Physically inactive South Africans will display worse vascular function (lower Cwk,
higher TPR, 24h SBP, 24h DBP, 24h MAP, and 24h PP), oxidative stress (higher
TBARS and lower tGSH, GPx, and GR), inflammation (higher CRP, IL-6, neutrophil-
lymphocyte ratio, and monocytes), and nitric oxide synthesis capacity (higher L-
homoarginine, as well as lower ADMA and SDMA) profiles when compared to

physically active individuals.

Markers of vascular function (Cwk, TPR, 24h SBP, 24h DBP, 24h MAP, and 24h PP)
will adversely associate with markers of oxidative stress (TBARS, tGSH, GPx, and
GR), inflammation (CRP, IL-6, NLR, and monocytes), and nitric oxide synthesis
capacity (L-homoarginine, ADMA, and SDMA) in the physically inactive group.
Furthermore, markers of vascular function (Cwk, TPR, 24h SBP, 24h DBP, 24h MAP,
and 24h PP) will beneficially associate with markers of oxidative stress (TBARS, tGSH,
GPx, and GR), inflammation (CRP, IL-6, NLR, and monocytes), and nitric oxide
synthesis capacity (L-homoarginine, ADMA, and SDMA) in the physically active group.
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1. The Sympathetic activity and Ambulatory Blood Pressure in Africans (SABPA)
study

The SABPA study originally aimed to investigate the role of a hyperactive sympathetic
nervous system on cardiometabolic disease burden in black and white South African men

and women [1].

The SABPA study comprised of two phases, where the first phase was undertaken between
February 2008 and May 2009, while the second phase was undertaken three years later
between February 2011 and May 2012. Data were collected over the same time every year
to control for seasonal changes. This is particularly important to our study as seasonal
changes may affect physical activity levels [2], coagulation markers, inflammatory
biomarkers, and inflammatory cells [3]. However, controlling for seasonal changes limited
participants to only 200 individuals per year. School teachers were used to ensure similar
socio-economic status. This cross-sectional sub-study formed part of the second phase of
the SABPA study. Data from the second phase were used as it contains additional
measurements such as twenty-four hour diet, seven-day objective physical activity, and
differential blood cell count. The second phase of the study included 359 black and white
school teachers, between the ages of 25 and 65 years. Participants were recruited from the
Dr Kenneth Kaunda Educational District, North West Province, South Africa, as indicated in

Figure 2.1.
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Figure 2.1: Areas involved in this study from the North-West Province, South Africa are

marked with a star.
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2. Recruitment

Recruitment was done over a three-month period before the clinical assessments were
done. Headmasters of 43 schools from the designated area were informed about the SABPA
study to gain their support and cooperation. Altogether, 2170 teachers were invited to
participate in the first phase of the SABPA study and they were recruited by the principal
investigator and a fieldworker. The participants were informed about the purpose and
procedure of the study before recruitment commenced and provision was made for
participants to be informed in their home language. Two months post-recruitment, the
selected participants voluntarily signed an informed consent form and were informed that

they could withdraw at any given time.

The screening process of the volunteered participants was assembled by a registered nurse
to assess the possibility of participation by applying the inclusion and exclusion criteria.
Exclusion criteria included individuals with a tympanum temperature higher than 37.5°C,
those who used a and 8 blockers or psychotropic substances, pregnant or lactating women,
and individuals who have been vaccinated or donated blood within three months prior to
participation. The aforementioned factors were excluded because of their direct and indirect
influence on vascular markers. Human immunodeficiency virus infected patients, and the
use of anti-hypertensive, anti-diabetic, statin and anti-oxidant medication were indicated as
these factors may also influence the markers analysed in this study; for e.g. inflammation,
vascular function, glucose and cholesterol profiles, and oxidative stress status are some of

the markers that may be influenced.

Additionally, all participants were excluded with physical activity recordings that did not last
for the entire seven days, or recordings with more than 40 minutes daily lost time (n=143).
As indicated in Figure 2.2, the total sample (n=216) for this study therefore included black
(n=109) and white (n=107) men (n=104) and women (n=112). Race and sex were equally
distributed in this study. Participants were divided into physically active and -inactive groups
by means of metabolic equivalents (METSs) categories: physically active (n=84) and
physically inactive (n=132) groups, as according to the 2008 United States Physical Activity
Guidelines [4].
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Exclusion criteria:

Ear temperature > 37.5°C,
a & B blockers/psychotropic
substance users,
pregnant/lactatingwomen,
vaccinated/donated blood
three months prior to
participation.

SABPA
(first phase)

Invite: N=2170
Screened: N=471

Eligible and enrolled
after exclusion criteria:
N=409

Black: N=200
Men: N=101 (Women: N=99)

White: N=209

Men: N=101 (Women: N=108)

'

Exclusion criteria:

Ear temperature > 37.5°C,
a & B blockers/psychotropic
substance users,
pregnant/lactatingwomen,
vaccinated/donated blood
three months prior to
participation.

SABPA
(second phase)

Eligible and enrolled
after exclusion
criteria/bailed

out/deceased: N=359

Additional exclusion
criteria:
Participants with physical
activity recordings which
did not last the entire seven
days, or recordings with
more than 40 minutes daily
lost time.

Participants after
additional exclusion
criteria: N=216

Physically active: N=84
Men: N= 39 (Women: N= 45)
Black: N= 33 (White: N=51)

Physically inactive: N=132
Men: N= 65 (Women: N= 67)
Black: N= 76 (White: N= 56)

criteria for this study

Figure 2.2: Flow diagram of SABPA Phase | and SABPA Phase Il with additional exclusion
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Details regarding the study protocol were discussed in English or in the home language of
participants who met the inclusion criteria. This discussion included the purpose, procedure,
and expectations from each of the participants such as incentives, accommodation, stressor
application, resting blood pressure, fasting urine and blood samples required, as well as the
importance of correct sampling methods. Thereafter, participants were offered an

opportunity to ask questions relevant to the study.

The SABPA study met the requirements as stated by the Helsinki Declaration of 1975
(revised in 2008) for investigation on human participants. Further to this, approval for the
overarching SABPA study was granted by the North-West University’s Health Research
Ethics committee (NWU-00036-07-S6), together with endorsements from the North West
Department of Education, and the South African Democratic Teachers’ Union. Approval was
also granted by the North-West University’s Health Research Ethics committee (NWU-
00106-17-S1) for completion of this MHSc (see Appendix A).

3. Data collection

For the second phase of the SABPA study, data were collected from four participants per
weekday from February 2011 to May 2012, with the clinical assessments performed over a
two-day period. On the first day, at 07h00, a Meditech Cardiotens CE120® apparatus
(Budapest, Hungary) which was validated by the British Hypertension Society, was fitted to
each participant at their schools to obtain an ambulatory blood pressure measurement.
Participants resumed their normal daily activities for the rest of the day and were transported
to the North-West University at approximately 15h00 for clinical assessments. An
introduction to the experimental set-up was given with the aim to avoid white coat effect,
mitigate overall anticipation stress, and maintain high quality data [5]. Feedback reports from
the participants indicated that they were comfortable with the experimental set-up. A well-
controlled environment was provided for an overnight stay at the Metabolic Unit Research
Facility of the North-West University where they had a standardised dinner and were asked
to avoid any beverages after 22h00. On the second day, participants were woken at 07h00
whereafter the Meditech Cardiotens CE120® apparatus was disconnected and the
anthropometric measurements were obtained. This was followed by measurements of total
peripheral resistance and Windkessel compliance with a validated Finometer device
(Finapres Medical Systems®, Amsterdam, Netherlands) [6,7]. Afterwards, a resting blood
sample of 65 ml was obtained by a registered nurse from the antebrachial vein of the
dominant arm using a winged infusion set after which it was immediately sent to the
laboratory for preparation and storage. Samples were prepared according to standardised

methods and stored in a laboratory bio-freezer at -80°C until analysis. The participants then
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showered and the Actiheart® (CamNtech Ltd., Cambridge, UK) device was fitted for the
seven-day physical activity measurement. Each participant received four extra electrodes to
ensure that the Actiheart® was refitted as soon as possible, should it become disconnected
during the seven days. Participants were instructed to continue with their habitual daily
activities wearing the monitor at all times whilst awake and asleep. The Actiheart® was
collected from each participant at the various schools on the eighth day and the data
downloaded onto the computer for storage, viewing, and analysis.

4. Physical activity measures

Habitual physical activity was measured over a period of seven consecutive days with a
validated Actiheart®, chest-worn heart-rate and accelerometer device [8,9]. The
accelerometer device was used to obtain an objective measure of physical activity which is a
better measure than self-report physical activity [10]. Self-reported questionnaire data are
often associated with over- or under reporting [11]. Over-reporting often occurs due to social
desirability, whereas under-reporting is possibly a result of not including activities which last
less than ten minutes [11]. Other measures such as pedometers and accelerometers are
unable to obtain upper extremity activities as it is worn on the waist, or activities such as
swimming as it is not waterproof [11,12]. Despite the fact that the Actiheart® device is
waterproof, in the combined accelerometer and heart rate monitors, other disadvantages
outweigh its benefits [11,12]. Barreira et al. compared energy expenditure, movement
counts, and heart-rate measurements from the Actiheart with that of an AElI Moxus Metabolic
Cart, Actigraph accelerometer, Polar heart-rate monitor, and electrocardiogram, respectively
[8]. This device was found to be valid and reliable for the accurate estimation of energy
expenditure of humans at rest and at low, moderate, and vigorous activities [8,9]. Even more
so, the Actiheart® has been validated for habitual physical activity measurement in sub-
Saharan Africans [13].

A step test was not performed for calibration, as the participants included were at
cardiovascular risk. A biokineticist questioned each participant to assess their physical
activity levels and accordingly chose an appropriate activity level on the Actiheart
programme. The Actiheart® software (Version 4.0.116) was used to capture and analyse
data. Sleep time was distinguished from awake time by means of heart rate and METs. One
MET was regarded as being asleep along with a decrease in heart rate and zero movement.
The end of sleep was established by an increase of heart rate by 10 to 20 beats per minute
along with an increase in METs and movement. The software calculated the time spent in
different METs categories which consisted of daily awake sedentary time (1.5 METSs), daily

awake light-activity time (1.5 to 2.99 METSs), daily awake moderate-activity time (3 to <6
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METS), and daily awake vigorous activity time (>6 METs) as demonstrated in Figure 2.3
[14].

o
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Sedentary Light-activity Moderate-activity  Vigorous-activity
<1.5METs 1.5-2.99 METs 3-5.99 METs =26 METs

Figure 2.3: lllustration of METs categories

We classified physical activity as 2150 minutes per week and physical inactivity as <150
minutes per week of the following: moderate intensity physical activity at 3 to <6
METs/<75minutes, vigorous intensity physical activity at 26 METs, or a combination which
results in equivalent energy expenditure, as recommended by the 2008 United States
Physical Activity Guidelines [4]. The heart rate and accelerometer measured the participant’s
physical activity and energy expenditure in kilocalories (kcal). Total energy expenditure is
composed of resting energy expenditure, dietary-induced energy expenditure, and activity-

induced energy expenditure.

5. Questionnaires

Participants completed a Sociodemographic questionnaire that was validated for the specific
population, which contained questions regarding their lifestyle and demographic factors such
as sex, age, race, medication use, alcohol consumption, and smoking habits (see Appendix
B).

6. Anthropometric measurements

Standardised methods of the International Society for Advancement of Kinanthropometry
were used for anthropometric measurements [15]. Measurements were obtained in triplicate
and were also obtained in a private room by an accredited anthropometrist [15]. Intra- and
inter-observer variability was less than 10%. Calibrated instruments were used to measure
body height (Invicta Stadiometer IP 1465, Leicester, UK) and weight (calibrated Precision
Health Scale, A&D Company, Japan). Subsequently, body mass index was calculated [16].
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A calibrated instrument was also used to measure waist circumference to the nearest 0.1 cm
(Holtain non-stretchable metal tape, A&D Company, Tokyo, Japan). Waist circumference
was included as increased muscle mass from physical activity can increase body mass
index and give a misperception regarding the participant’'s adipose tissue. In addition,
specifically abdominal adipose tissue has a substantial effect on oxidative stress and

inflammation [17].

7. Cardiovascular measurements

Ambulatory blood pressure measurements were obtained with a Meditech Cardiotens
CE120® device (Budapest, Hungary) which was validated by the British Hypertension
Society. The device was programmed to take measurements at 30-minute intervals between
07h00 and 22h00hours during the day and at one-hour intervals between 22h00 and 06h00
hours during the night [18]. An appropriate-sized cuff was fitted on the non-dominant arm of
the participants at the same time every day. Data were analysed with CardioVisions 1.15.2
Personal Edition software (Meditech®, Budapest, Hungary). Participants were asked to make
use of their ambulatory diary cards to record abnormalities such as headaches, visual

disturbances, fainting, nausea, physical activity, and emotional stress.

The validated Finometer device (Finapres Medical Systems®, Amsterdam, Netherlands) was
connected to the left upper arm and middle finger, respectively, with the participant in the
semi-Fowlers position [6,7]. After a ten-minute resting period, a five-minute continuous
resting cardiovascular measurement was executed. Two minutes into this recording, a
systolic return-to-flow calibration was completed. The mean of the recordings in the last
minute was used as results. Finometer (Finapres Medical Systems®, Amsterdam,
Netherlands) results were analysed with Beatscope 1.1 software (Finapres Medical
Systems®, Amsterdam, Netherlands) in order to obtain total peripheral resistance

(mmHg/s/ml) and Windkessel compliance (ml/mmHg).

8. Biochemical analyses

A qualified nurse drew fasting blood samples from each participant’s antebrachial vein with a
sterile winged infusion set and sterile syringes in order to mitigate the risk of infection. The
infusion set was flushed with two to three millilitre saline and the first two millilitres of blood
discarded before samples were obtained. The infusion set was kept in situ with a heparin
block in order to prevent clotting (0.5 ml of heparin sodium-fresenius 5000 IU/ml in 50 mi
saline solution; Fresenius Kabi, Port Elizabeth, South Africa). Blood samples were taken
while participants were at rest. The serum and plasma samples were prepared according to
standardised methods. Serum was left in the blood sample vacutainer at room temperature

for 30 minutes to enable coagulation to come about; thereafter the sample was centrifuged
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by means of a bench top centrifuge. Afterwards, the prepared serum was transferred to
Eppendorf tubes. Ethylenediaminetetraacetic acid (EDTA) plasma was also prepared by
centrifugation of the blood sample. All serum, plasma, and twenty-four hour urine samples

were stored in a laboratory bio-freezer at -80°C until analysis.

Given the short half-life of nitric oxide [19], other markers were used to determine nitric oxide
synthesis capacity. Mass spectrometric determinations of L-homoarginine, asymmetric
dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA) were performed as
described elsewhere [20] by using liquid chromatography tandem mass spectrometry (LC-
MS/MS). In short, 25 uL of plasma was diluted with stable isotope-labelled internal standards
(i.e. [®Ceg]-homoarginine and [?He]-ADMA). Thereafter, methanol was used to precipitate
proteins and guanidine compounds were converted to their butyl esters. Concentrations
were calculated with calibration curves (four levels, triplicates), and plate-wise quality
controls were performed (two levels, duplicates). Intra- and inter-assay coefficients of
variation were <7.5% for all analyses. Samples were re-analysed for coefficients of variation

and bias of quality controls 215%.

Anti-oxidant enzyme activities, including glutathione peroxidase (GPx) and glutathione
reductase (GR) represented the body's redox status and were measured from EDTA plasma
by means of assay kits (Caymen Chemical Company, Ann Arbor, MI, USA). Thiobarbituric
acid reactive substances (TBARS) was included as a marker of oxidative stress, which is
formed from lipid peroxidation, given that reactive oxygen species has a short half-life [19].
Thiobarbituric acid reactive substances were measured spectrophotometrically from urine
with a Synergy multimode microplate reader (BioTek, Winooski, VT, USA) [21]. Total
glutathione measurements was measured from EDTA whole blood with the use of
BIOXYTECH GSH/GSSG-412 kits from OXIS International Inc. (Beverly Hills, CA) as part of
the endogenous anti-oxidant system. C-reactive protein (CRP) serves as an acute phase
inflammatory biomarker and independent biomarker of cardiovascular disease. Gamma-
glutamyltransferase was also added as participants may over- or under-estimate alcohol use
[22]. Gamma-glutamyltransferase (GGT) and high-sensitivity CRP were measured from
serum with a Cobaslintegra 400 plus (Roche, Basel, Switzerland) apparatus. The intra- and

inter-coefficients of variation for the assays were below 10%.

Inflammatory cells and the inflammatory cytokine interleukin-6 (IL-6) were also used as
markers of inflammation [17,23]. Neutrophil, lymphocyte and monocyte counts were
analysed by means of a Coulter AcT 5 diff Analyser (Beckman Coulter, California, United
States). The intra- and inter-coefficients of variation for the assays were below 10%.

Interleukin-6 was measured from serum through the use of high sensitivity Quantikine
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Enzyme-linked immunosorbent assays (R&D Systems, Minneapolis, MN USA) with intra

assay variability at 5.9% and inter assay variability at 18.9%.

Cotinine was added as participants may over- or under estimate smoking exposure, and
second-hand smoke is also included in smoking exposure. Other confounders included
glucose and lipids. Serum cotinine levels were measured with a homogeneous
immunoassay kit (Automated Modular, Roche, Basel, Switzerland). Glucose, triglycerides,
total cholesterol, and high-density lipoprotein cholesterol (HDL-C) were measured in serum
with a Cobas Integra 400 plus (Roche, Basel, Switzerland) apparatus. Low density
lipoprotein cholesterol (LDL-C) was calculated with the Friedewald formula: LDL-C=TC-HDL-
C-VLDL-C (VLDL-C=0.456*TG) [24]. Glycated haemoglobin was measured from EDTA
whole blood with the Integra 400 plus (Roche, Switzerland). The intra- and inter-coefficients

of variation for these variables were below 10%.

Creatinine was analysed using sequential multiple analysers (Cobas Integra 400 plus,
Roche, Basel, Switzerland). Estimated glomerular filtration rate (eGFR) was measured as an
indication of kidney function, as it plays a role in cardiovascular health [20,25]. Results for
kidney function may also add clarity to our study, as SDMA is also a marker of kidney
function [26]. The eGFR was calculated from serum creatinine with the Chronic Kidney
Disease Epidemiology Collaboration formula as it is a more accurate measure of kidney
function than creatinine alone [27]. Human immunodeficiency virus tests were performed by
means of a First Response kit (Premier Medical Corporation, Daman, India) and confirmed
with a Pareekshak test (Bhat Biotech, Bangalore, India). Participants received pre- and post-

counselling for the human immunodeficiency virus tests.

9. Statistical analyses

Data management, statistical analyses and graphical illustrations were completed with the
use of TIBCO® Statistica™ version 13.3 (TIBCO Software Inc.) and GraphPad Prism version
5.03 (GraphPad Software Inc., California, USA). Participants were divided into physically
active and inactive groups. Means between groups were compared with the use of analyses
of covariance whereas proportions and categorical differences were compared by means of
Chi-square tests. Relationships of cardiovascular variables with markers of oxidative stress,
nitric oxide synthesis, and inflammation were investigated by means of single and patrtial

regression analyses.

Furthermore, we investigated independent associations of cardiovascular variables with
markers of oxidative stress, nitric oxide synthesis capacity, and inflammation with multiple

regression analyses. Models additionally included race, sex, age, waist circumference,
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cotinine, GGT, glycated haemoglobin, total cholesterol, and eGFR. Covariates included in
the models were selected based on the strongest bivariate relationships with cardiovascular
variables, markers of oxidative stress, inflammation and nitric oxide synthesis. Other
covariates that we considered included body mass index, self-reported smoking, self-
reported alcohol use, glucose, LDL-C, and triglycerides. Multiple regression analyses were
repeated to test for the contribution of inflammation by additionally including CRP as an
independent variable in models with oxidative stress and nitric oxide synthesis capacity

markers as main independent variables.

10. The student's contribution to data collection and competence regarding the
subject.

During her studies, the student assisted in data collection for the African Prospective study
on the Early Detection and Identification of Cardiovascular disease and HyperTension study
by preparing blood (Stabilyte, Citrate, Serum, EDTA, and NaF) and urine samples for
storage. The student is also an International Society for the Advancement of
Kinanthropometry certified anthropometrist and has experience in this field. As a
sportscientist, experience was gained in laboratory exercise testing which included VO.max,

lactate threshold, and heart rate recovery, among others.
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Abstract

Aim: Physical activity affects the vasculature through mechanisms related to nitric oxide
bioavailability, oxidative stress, and inflammation; with endothelial function at the centre of
this triad. In a South African setting, with the prevalence of hypertension and physical
inactivity being alarmingly high, we aimed to investigate relationships of vascular function
measures with markers of oxidative stress, inflammation and nitric oxide synthesis capacity

in physically active and -inactive groups.

Methods: Physically active (n=84) and physically inactive (n=132), black and white school
teachers, as classified by the 2008 United States Physical Activity Guidelines, were included
in this cross-sectional study. We measured twenty-four hour blood pressure, total peripheral
resistance and Windkessel compliance, along with markers of oxidative stress, inflammation
and nitric oxide synthesis capacity including L-homoarginine, asymmetric dimethylarginine,
and symmetric dimethylarginine.

Results: Twenty-four hour blood pressure, oxidative stress, and inflammatory profiles were
similar between the two groups, except for Windkessel compliance (p=0.041) and L-
homoarginine (p=0.006) which were higher in the physically active group. In the same group,
twenty-four hour diastolic blood pressure (3=0.19; p=0.034) associated with total glutathione,
and twenty-four hour blood pressure measures (systolic blood pressure: $=0.18, p=0.039;
diastolic blood pressure: 3=0.21, p=0.026) associated with L-homoarginine. In the physically
inactive group, twenty-four hour blood pressure (systolic blood pressure: =0.25, p=0.0001;
diastolic blood pressure: $=0.20, p=0.013) associated with symmetric dimethylarginine.

These associations were independent of inflammation.

Conclusion: Moderate physical activity may improve vascular function through
modifications in nitric oxide bioavailability, which may mitigate vascular dysfunction in

physically active populations.

Keywords: L-homoarginine, asymmetric dimethylarginine, symmetric dimethylarginine,

oxidative stress, inflammation.

(Word count: 247/250)
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Introduction

In South Africa, 40.5% of men and 53.1% of women are physically inactive [1]. A sedentary
lifestyle may contribute to increased endothelial dysfunction and arterial stiffness [2], as
noted in a South African population [3]. Physical activity levels affect the vasculature through
mechanisms related to nitric oxide bioavailability, oxidative stress, and inflammation [4].

Habitual physical activity protects the integrity of the vascular wall by maintaining a healthy
redox and inflammatory state [4]. In this regard, oxidative stress is lowered by increased
expression of endogenous anti-oxidant enzymes, such as glutathione peroxidase (GPx) and
superoxide dismutase, thereby reducing oxidative damage [5]. Decreased oxidative stress is
further accompanied by reduced inflammation, with resultant lower circulating levels of
biomarkers such as C-reactive protein (CRP), interleukin-6 (IL-6), as well as lower
inflammatory cell counts [5].

Habitual physical activity enhances nitric oxide bioavailability. This is achieved not only by a
decrease in the inactivation of nitric oxide when inflammation and oxidative stress is kept low
[6], but also by enhanced nitric oxide synthesis [7]. Evidently, higher levels of physical
activity are associated with increased L-arginine availability [7,8], which is an analogue of the
arginase inhibitor, L-homoarginine [9]. Physical activity can further increase endothelial nitric
oxide synthase activity and decrease levels of endothelial nitric oxide synthase inhibitors
such as asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) [7,8].

Endothelial dysfunction closely associates with inadequate nitric oxide bioavailability and
may be the link in this triad of oxidative stress, inflammation, and vascular dysfunction, which
is initiated and exacerbated by physical inactivity [2,5,6]. Moreover, it was suggested that
high levels of physical activity are required to obtain vascular health such as increased
endogenous anti-oxidant enzyme activity and decreased inflammation, with a subsequent
increase in nitric oxide synthesis capacity [4,6]. We aimed to investigate the relationship of
vascular function measures, including twenty-four hour (24h) blood pressure, total peripheral
resistance (TPR), and Windkessel compliance (Cwk), with markers of oxidative stress,
inflammation, and nitric oxide synthesis capacity in physically active and inactive South

Africans.

Methods

Study population

This cross-sectional study formed part of the second phase of the Sympathetic activity and
Ambulatory Blood Pressure in Africans (SABPA) study [10]. The second phase of the
SABPA study was conducted between February 2011 and May 2012, and included 359
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black and white school teachers, between the ages of 25 and 65 years, from the Dr Kenneth

Kaunda Educational District, North West Province, South Africa.

Exclusion criteria included individuals with a tympanum temperature higher than 37.5°C,
those who used alpha- and beta-blockers or psychotropic substances, pregnant or lactating
women, and individuals who have been vaccinated or donated blood within three months
prior to participation. In this sub-study, we additionally excluded all participants with physical
activity recordings which did not last for the entire seven days, or recordings with more than
40 minutes daily lost time (n=143), resulting in a total of 216 black and white men and
women. Participants were divided into physically active (n=84) and physically inactive
(n=132) groups, according to the 2008 United States Physical Activity Guidelines [11].

All participants signed an informed consent form. This study was approved by the Health
Research Ethics Committee of the North-West University and adheres to the ethical

guidelines of the Declaration of Helsinki for investigation on human participants.

Demographic data and anthropometric measurements

General health guestionnaires were completed to obtain data regarding sex, age, race,
smoking habits, alcohol, and medication use. Standardised methods were used for
anthropometric measurements. Measurements were obtained in triplicate, as prescribed by
a standard international protocol [12]. Calibrated instruments were used to measure body
height (Invicta Stadiometer IP 1465, Leicester, UK), weight (calibrated Precision Health
Scale, A&D Company, Japan), and waist circumference (Holtain non-stretchable metal tape,
A&D Company, Tokyo, Japan). Subsequently, body mass index (BMI) was calculated.

Physical activity measurements

Habitual physical activity was measured over a period of seven consecutive days with an
Actiheart® (CamNtech Ltd., Cambridge, UK); a chest worn heart rate and accelerometer
device. This device is valid and reliable for the accurate estimation of energy expenditure on
humans at rest, low, and moderate activities [13]. A biokineticist questioned each participant
to assess their physical activity levels and accordingly chose an appropriate activity level on
the Actiheart program (CamNtech Ltd., Cambridge, UK). The Actiheart® software (Version
4.0.116) was used to capture and analyse data. The software calculated the time spent in
different metabolic equivalents (METS) categories which consisted of daily awake sedentary
time (1.5 METS), daily awake light-activity time (1.5 to 2.99 METS), daily awake moderate-
activity time (3 to <6 METSs), and daily awake vigorous activity time (>6 METS). This device
also measured total energy expenditure (TEE), which comprised resting energy expenditure,

dietary and activity-induced energy expenditure (AEE).
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Cardiovascular measurements

Ambulatory blood pressure measurements (ABPM) were obtained with a Meditech
Cardiotens CE120® device (Budapest, Hungary), validated from the British Hypertension
Society. The device was programmed to take measurements at 30-minute intervals between
07:00 and 22:00 hours during the day and at one-hour intervals between 22:00 and 06:00
hours during the night [14]. An appropriate sized cuff was fitted on the non-dominant arm.
Data were analysed with CardioVisions 1.15.2 Personal Edition software (Meditech®,
Budapest, Hungary). Participants were asked to make use of their ambulatory diary cards to
record abnormalities such as headaches, visual disturbances, fainting, nausea, physical

activity, and emotional stress.

Further cardiovascular measurements were obtained with a validated Finometer device
(Finapres Medical Systems, Amsterdam, Netherlands) [15]. The cuffs of the Finometer
device was secured and connected to the left upper arm and middle finger, respectively, with
the participant in the semi-Fowlers position. After a ten-minute resting period, a five-minute
continuous resting cardiovascular measurement was executed. Two minutes into this
recording, a systolic return-to-flow calibration was completed. The highest precision of
cardiovascular measurements was obtained only after this calibration. Finometer results
were analysed with Beatscope 1.1 software (Finapres Medical Systems, Amsterdam,
Netherlands) to obtain TPR and Cwk.

Biochemical analyses

Serum and plasma samples were collected and stored at -80°C until analysed. Mass
spectrometric determinations of L-homoarginine, ADMA, and SDMA were performed [16], by
using liquid chromatography tandem mass spectrometry (LC-MS/MS). In short, 25 pL of
plasma was diluted with stable isotope-labelled internal standards (i.e. [**Cs]-homoarginine
and [°He]-ADMA). Thereafter, methanol was used to precipitate proteins and guanidine
compounds which were converted to their butyl esters. Concentrations were calculated with
calibration curves (four levels, triplicates) and plate-wise quality controls were run (two
levels, duplicates). Intra- and inter-assay coefficients of variation were <7.5% for all.

Samples were re-analysed for coefficients of variation and bias of quality controls 215%.

Anti-oxidant enzyme activities, including GPx and glutathione reductase (GR) were
measured by means of assay kits (Caymen Chemical Company, Ann Arbor, MI, USA).
Thiobarbituric acid reactive substances were measured spectrophotometrically with a
Synergy multimode microplate reader (BioTek, Winooski, VT, USA) [17]. We obtained total
glutathione measurements from ethylenediaminetetraacetic acid (EDTA) whole blood with
the use of BIOXYTECH GSH/GSSG-412 kits (OXIS International Inc., Beverly Hills, CA).
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Gamma-glutamyltransferase (GGT) and high-sensitivity CRP were measured with a Cobas
Integra 400 plus (Roche, Basel, Switzerland) apparatus. Neutrophil, lymphocyte and
monocyte counts were analysed by means of a Coulter AcT 5 diff Analyser (Beckman
Coulter, California, United States). The intra- and inter-coefficients of variation for the assays
were below 10%. Interleukin-6 was measured with high sensitivity Quantikine Enzyme-linked
immunosorbent assays (R&D Systems, Minneapolis, MN USA) with intra assay variability at
5.9% and inter assay variability at 18.9%.

Serum cotinine levels were measured with a homogeneous immunoassay kit (Automated
Modular, Roche, Basel, Switzerland). Glucose, triglycerides, total cholesterol, and high-
density lipoprotein cholesterol (HDL-C) were measured with a Cobas Integra 400 plus
(Roche, Basel, Switzerland) apparatus. Low-density lipoprotein cholesterol (LDL-C) was
calculated with the Friedewald formula: LDL-C=TC-HDL-C-VLDL-C (VLDL-C=0.456*TG)
[18]. Glycated haemoglobin (HbA1c) was measured from EDTA whole blood with the Integra
400 plus (Roche, Basel, Switzerland).The intra- and inter-assay coefficients of variation for
these variables were below 10%. Creatininewas analysed in serum (Cobas Integra 400 plus,
Roche, Basel, Switzerland) and estimated glomerular filtration rate (eGFR) was calculated
with the Chronic Kidney Disease Epidemiology Collaboration formula [19]. Human
immunodeficiency virus (HIV) tests were performed by means of a First Response kit
(Premier Medical Corporation, Bangalore, India) and positive results were confirmed with a
Pareekshak test (Bhat Biotech, Bangalore, India). Participants received pre- and post-

counselling with HIV testing.

Statistical analyses

Data management, statistical analyses and graphical illustrations were completed with the
use of TIBCO® Statistica™ version 13.3 (TIBCO Software Inc.) and GraphPad Prism version
5.03 (GraphPad Software Inc., California, USA). Participants were divided into physically

active and inactive groups.

Variables with a non-Gaussian distribution (TEE, AEE, GGT, neutrophil-lymphocyte ratio
(NLR), CRP, IL-6, thiobarbituric acid reactive substances (TBARS), total glutathione (tGSH),
GPx, GR, HbA1C, HDL-C, and triglycerides) were logarithmically transformed and
represented as geometric means with 5th and 95th percentiles. Means between groups were
compared with the use of analyses of covariance, while adjusting for race, sex, and age.
Proportions between groups were compared by means of Chi-square tests. Relationships of
cardiovascular variables with markers of oxidative stress, nitric oxide synthesis, and
inflammation were investigated by means of single and partial regression analyses, the latter

adjusted for race, sex, and age, in both groups.
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Furthermore, we investigated independent associations of cardiovascular variables 24h
systolic blood pressure (SBP), 24h diastolic blood pressure (DBP), 24hmean arterial
pressure (MAP), 24h pulse pressure (PP), TPR, and Cwk with markers of oxidative stress
(TBARS, tGSH, GPx, and GR), nitric oxide synthesis capacity (L-homoarginine, ADMA, and
SDMA), and inflammation (NLR, monocytes, CRP, and IL-6)with multiple regression
analyses. Models additionally included race, sex, age, waist circumference, cotinine, GGT,
HbAlc, total cholesterol, and eGFR. Covariates included in the models were selected based
on the strongest bivariate relationships with cardiovascular variables, markers of oxidative
stress, inflammation and nitric oxide synthesis. Other covariates which we considered
included BMI, self-reported smoking, self-reported alcohol use, glucose, LDL-C, and
triglycerides. Multiple regression analyses were repeated to test for the contribution of
inflammation by additionally including CRP as an independent variable in models with
oxidative stress and nitric oxide synthesis capacity markers as main independent variables.

Results
Characteristics of the study population

Characteristics of the total group, as well as comparisons between the physically active and
physically inactive groups, independent of race, sex and age, are presented in Table 3.1.
The total group comprised of 48.1% men, 50.5% blacks, and 6.02% HIV infected
participants, who were on average 49.7 years old. In the physically active group (=150
minutes of 3-6 METS) of 84 (38.9%) participants, only 3 (3.57%) achieved high intensity
physical activity levels (275 minutes of >6 METs). The physically active group included
18.3% fewer black participants (p=0.009) than the inactive group, but sex distribution was
similar. As expected, the physically active group had higher TEE and AEE levels (both
p=<0.001).Despite similar waist circumferences between groups (p=0.25), BMI was higher
(p=0.046) in the physically active group. With regards to cardiovascular measurements,
physically active participants had higher Cwk (p=0.041), while blood pressure and TPR were
similar (p=0.38). When comparing markers of oxidative stress and nitric oxide synthesis, we
found that TBARS (p=0.043) and L-homoarginine (p=0.006) were higher and GGT lower

(p=0.034) in the physically active- compared to the inactive group.

Regression analyses

In the physically active group, both partial (Supplementary Table 3.1) and multiple
regression (Supplementary Table 3.2) analyses revealed associations of 24h DBP with
tGSH ($=0.18; p=0.037), as well as L-homoarginine ($=0.21; p=0.028). Additionally, in
multiple regression analyses, 24h SBP ($=0.18; p=0.04) and 24h MAP (3=0.20; p=0.025)

correlated with L-homoarginine in the physically active group. In both analyses
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(Supplementary Table 3.1 and 3.3), the physically inactive group, showed relationships of
24h SBP ($=0.25; p=0.001), 24h DBP (p=0.20; p=0.013), 24h MAP (B=0.23; p=0.003), and
24h PP (B=0.21; p=0.012) with SDMA. In partial regression analyses, correlations of TPR
and Cwk with markers of oxidative stress (TBARS and GR) and inflammation (NLR,
monocytes, CRP, and IL-6) were found, but these relationships lost significance in

multivariate regression analyses (all p>0.05).

Further, as cardiovascular variables did not associate with markers of inflammation in
multiple regression analyses, we repeated the above multiple regression analyses, but
additionally included CRP to the models (Figure 3.1 and Supplementary Table 3.4). Similar
to previous results, Figure 3.1 illustrates that 24h DBP (3=0.19; p=0.034) associated with
tGSH and that 24h SBP ($=0.18; p=0.039), 24h DBP ($=0.21; p=0.026), and 24h MAP
(B=0.21; p=0.023) associated with L-homoarginine in the physically active group only. The
physically inactive group showed an association of 24h SBP ($=0.25; p=0.001), 24h DBP
(B=0.20; p=0.013), 24h MAP ($=0.23; p=0.003), and 24h PP (=0.21 p=0.014) with SDMA

only.

Discussion

We investigated relationships of vascular function measures with markers of oxidative
stress, inflammation and nitric oxide synthesis capacity in physically active and inactive
groups. The physically active group had better arterial compliance and higher L-
homoarginine levels than the physically inactive group. Twenty-four-hour DBP associated
with L-homoarginine in the physically active group, while all 24h blood pressure measures
adversely associated with SDMA in the physically inactive group. Twenty-four-hour SBP,
DBP, and MAP also correlated with tGSH in the physically active group.

Our findings agree with previous findings which suggested that L-arginine, ADMA, and
SDMA work in concert to alter vascular function [7]. In a study by Riccioni et al., coronary
artery disease patients, on average 52 + 4.5 years of age, underwent a 10-minute walking
exercise that resulted in higher L-arginine, while ADMA and SDMA were decreased when
compared to baseline measures [7]. In another study aerobic exercise in healthy,
postmenopausal women resulted in decreased ADMA that inversely correlated with arterial
compliance [20]. The higher arterial compliance we found in the physically active group is
supported by a study which proved that master endurance athletes have healthier vascular
function, as evident by increased arterial compliance and decreased TPR, when compared
to their sedentary peers [21]. Despite the fact that most studies investigated the vascular
effects of high intensity physical activity [6,21], we found better vascular function and nitric

oxide synthesis capacity in the physically active group, who were only moderately physically
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active compared to the physically inactive group. Other studies have shown that changes in
nitric oxide synthesis capacity are mainly responsible for the beneficial effects of physical

activity on the vasculature [6], which underlines our results.

The beneficial effects of physical activity on nitric oxide synthesis capacity and vascular
function may in part be explained by the effects of increased shear stress during physical
activity. Increased shear stress during physical activity can activate calcium-dependent
endothelial nitric oxide synthase to produce nitric oxide from L-arginine [22]. Physical activity
may further improve L-arginine transport and consequently nitric oxide bioavailability [7,22].
In our study we investigated L-homoarginine, an analogue of L-arginine. At elevated levels,
L-homoarginine has an inhibiting effect on the arginase enzyme, which functions as an
enzyme responsible for the conversion of arginine to ornithine and urea [9]. Research
suggests that homoarginine-mediated arginase inhibition may lead to increased levels of L-
arginine, and a subsequent increase in nitric oxide synthesis [9]. On the contrary, our study
showed a positive relationship between the arginase inhibitor, L-homoarginine, and blood
pressure. This was explained in a previous study where exercise was found to increase
arginase activity and nitric oxide synthase, thereby decreasing DBP [23]. The authors also
found reduced L-arginine and argued that increased arginase activity and nitric oxide
synthase may consume L-arginine after exercise [23]. Another possible mechanism may be
that L-homoarginine, as weak substrate for nitric oxide synthase, competes with L-arginine
[24].

Moreover, our study revealed that all 24h blood pressure measures were adversely
associated with SDMA in the physically inactive group. Asymmetric dimethylarginine inhibits
nitric oxide synthesis by competing with L-arginine for binding to endothelial nitric oxide
synthase [22]. Symmetric dimethylarginine acts as an indirect inhibitor of nitric oxide
synthase by increasing the production of reactive oxygen species, thereby decreasing L-
arginine transport from plasma into the endothelial cells [7]. Asymmetric dimethylarginine
and SDMA have been shown to increase in response to oxidative stress and inflammation
[25]. It may be due to the fact that ADMA and SDMA synthesis depends on the activity of
protein arginine methyltransferase-2, which is activated by oxidative stress [26]. Decreased
oxidative stress and inflammation from physical activity may therefore result in decreased
ADMA and SDMA levels [20]. Furthermore, physical activity enhances messenger
ribonucleic acid gene expression of dimethyl-arginine-dimethylaminohydrolase, which is
known to break down ADMA [20].

Oxidative stress and inflammation are important factors in vascular dysfunction as it can

lower nitric oxide synthesis and availability [6]. It is evident from the literature that exercise is
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effective in enhancing the body's endogenous anti-oxidant enzymes and lowering
inflammation [4]. Unexpectedly, in our study both GPx and GR were similar when comparing
physically active and inactive groups. Results also remained unchanged when we
additionally adjusted for inflammation in multiple regression analysis. We therefore speculate
that the cardiovascular benefits from moderate physical activity may not be dependent on
redox- or inflammatory status, but rather on increased nitric oxide synthesis capacity as
discussed previously. Indeed, previous studies indicated that high intensity physical activity
is needed to activate an acute inflammatory and oxidative stress response, which only then
will result in adaptations to lower chronic inflammation and oxidative stress [4,6]. Another
unexpected finding was the higher levels of TBARS in the physically active group compared
to the inactive group. This is contradictory to other research which showed a negative
association between physical activity and TBARS [27]. This may be explained by the
hierarchical oxidative stress model described by Xiao et al. [28]. The model proposes that
dose-dependent adaptations to oxidative stress lead from a protective, up-regulated anti-
oxidant system to a pro-inflammatory, and eventually a cytotoxic response [28]. In our study
population with physical activity levels in the moderate category, the higher TBARS may
indicate that oxidative stress was at a level to cause more lipid peroxidation, but not yet high

enough to activate the protective response of endogenous anti-oxidant synthesis.

Results from another SABPA study suggested that GSH may have a hypotensive effect in
normotensive individuals [29]. However, in the physically active group of our study, we found
a positive association between 24h DBP and tGSH. In corroboration, another SABPA study
showed that black men have increased tGSH and L-arginine, despite having higher blood
pressure, when compared to white men [30]. It was suggested that increased oxidative
stress and a subsequent up-regulated redox status in black men may counteract nitric oxide
bioavailability, and that nitric oxide inactivation may be of greater importance than redox
status for blood pressure control [30]. The inclusion of black men in our study may have
influenced our results and it may therefore also be more relevant to focus on nitric oxide
inactivation than redox status in our study. However, we did adjust for sex and race in
attempt to mitigate the influence thereof but still found significant correlations of blood
pressure with tGSH and L-homoarginine. Moreover, increased oxidative stress from chronic
physical inactivity may up-regulate synthesis of endogenous anti-oxidants, such as tGSH, in

an attempt to counteract oxidative stress.

The study should be interpreted in context of its strengths and limitations. This study was
based on cross-sectional data, from which causality could not be determined. Only
moderate, and not high-intensity physical activity was achieved by most of the participants in

the physically active group. High intensity physical activity may be required for improvements
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in inflammation and oxidative stress status, as well as further improvements in nitric oxide
synthesis capacity and vascular function [4,6]. Moderate physical activity is, however, a
more reasonable prescription to adhere to, especially for elderly individuals. This sample
population stemmed from urban areas of Potchefstroom in the North West Province and may
not necessarily represent the entire South African population. However, this study included
black and white men and women with a similar socio-economic status. Our results were
independent of various confounders, such as waist circumference, which are known to affect
oxidative stress and inflammation. Data were obtained under strictly controlled conditions

and gold-standard measures were used.

In conclusion, even moderate physical activity may lower vascular risk, possibly by means of
modifications in nitric oxide synthesis capacity. In turn, increased nitric oxide synthesis
capacity may mitigate the development of cardiovascular disease in this physically active
population.

Acknowledgements and funding

The SABPA study would not have been possible without the voluntary cooperation of the
participants and the Department of Education, North West Province, South Africa. The
authors acknowledge and appreciate the technical support of Mrs Tina Scholtz and Sr
Chrissie Lessing. This study was supported by the National Research Foundation; the
National Research Foundation Thuthuka (80643); the Medical Research Council, the North-
West University; Roche Products (Pty) Ltd., South Africa, and the Metabolic Syndrome

Institute, France.

Conflict of interest

The authors of this study have no conflict of interest to declare.

48



Table 3.1. Characteristics of the total study population, as well as comparisons between physically

active and —inactive groups.

Physicall Physicall
Total group A>(l:tive* / In::llctive*y p-value

N 216 84 132
Demographic factors

Sex, male, n (%) 104 (48.1) 39 (46.4) 65 (49.2) 0.69

Race, black, n (%) 109 (50.5) 33 (39.3) 76 (57.6) 0.009**

Age, years 49.7 (48.5; 50.8) 50.0 (48.3; 51.7) 49.4 (47.9; 50.9) 0.62

HIV infected, n (%) 13 (6.02) 1(1.19) 12 (9.01) 0.017*
Lifestyle factors

Alcohol use, n (%) 104 (48.1) 42 (50.0) 62 (47.0) 0.66

Smoking, n (%) 30 (13.9) 13 (15.5) 17 (12.9) 0.59

TEE (kCal/day)

3037 (1918:5807) 3719 (3487; 4967) 2670 (2564; 2843) <0.001+**

AEE (kJ/kg/day) 46.4 (11.6; 162) 73.8 (62.4; 87.3) 34.6 (30.3; 39.6) <0.001***
Anthropometric measurements
Body mass index (kg/m?) 29.4 (28.5;30.2)  30.4 (29.0; 31.7) 28.6 (27.5; 29.7) 0.046*
Waist circumference (cm)  96.4 (94.3; 98.5) 97.7 (1.60; 94.6) 95.3 (92.8; 97.8) 0.25
Cardiovascular measurements
24h SBP (mmHg) 129 (127; 132) 129 (126; 133) 129 (126; 131) 0.74
24h DBP (mmHg) 80 (78.4; 81.3) 79 (77; 81) 80 (78; 81) 0.75
24h MAP (mmHg) 96 (94.7; 98.1) 96 (94; 98) 96 (94; 98) 0.98
24h PP (mmHg) 50 (48.3; 50.8) 50 (48; 52) 49 (47; 51) 0.38
TPR (mmHg/ml/s) 1.07 (1.03;1.12) 1.08 (1.01;1.15)  1.06 (1.01; 1.12) 0.78
Cwk (ml/mmHg) 1.87 (1.81;1.93) 1.93(1.86; 2.01) 1.83 (1.77; 1.89) 0.041*
Oxidative and nitric oxide synthesis
TBARS (mg/g creatinine) 0.11 (0.03; 0.35)  0.12 (0.10; 0.14) 0.10 (0.08; 0.11) 0.043*
tGSH (uM) 818 (476; 1428) 801 (734, 875) 828 (772; 889) 0.57
GGT (U/l) 28.3 (8.40; 140) 24.4(21.0; 28.4) 30.1 (26.7; 33.9) 0.034*
GPx (nmol/min/ml) 32.2(16.8;61.1) 32.7(30.5; 35.1) 31.7 (30.0; 33.5) 0.49
GR (nmol/min/ml) 3.00 (0.51; 17.8) 3.24 (2.55; 4.13) 2.80 (2.30; 3.40) 0.36
L-homoarginine (umol/l) 3.49 (3.29; 3.68) 3.79 (3.50; 4.01) 3.25 (3.01; 3.50) 0.006**
ADMA (umol/l) 0.62 (0.60; 0.64) 0.62 (0.59; 0.65) 0.62 (0.60; 0.64) 0.95
SDMA (umol/l) 0.35(0.34; 0.36) 0.34 (0.33; 0.36) 0.35 (0.34; 0.37) 0.53
Inflammation markers
NLR (x103/ul) 1.00 (0.40; 3.06) 0.91 (0.80; 1.04) 1.05 (0.95; 1.17) 0.10
Monocytes (x1083/ul) 0.39(0.37;0.41) 0.39(0.36; 0.42) 0.38 (0.36; 0.41) 0.84
C-reactive protein (mg/l) 1.98 (0.18; 15.7)  1.88 (1.47; 2.40) 1.94 (1.60; 2.34) 0.84
Interleukin-6 (pg/ml) 1.02 (0.30; 0.35) 1.05 (0.88; 1.25) 0.98 (0.85; 1.13) 0.54
Other biochemical markers
Cotinine (ng/ml) 18.8 (11.1;26.4) 23.4(11.1; 35.7) 15.3 (5.56; 25.0) 0.31
Glycated haemoglobin (%) 5.79 (5.17; 7.40) 5.78 (5.64; 5.92) 5.77 (5.66; 5.89) 0.97
Glucose (mmol/l) 5.02 (4.77;5.28) 4.90 (4.42;5.27)  5.06 (4.76; 5.36) 0.51
Cholesterol (mmol/l) 4.46 (4.32; 4.60) 4.39 (4.17; 4.61) 4.48 (4.31; 4.66) 0.51
LDL-C (mmol/l) 2.85(2.74;2.97) 2.85(2.67; 3.04) 2.84 (2.69; 3.00) 0.93
HDL-C (mmol/l) 0.99 (0.59; 1.64) 0.99 (0.93; 1.054) 0.99 (0.94; 1.04) 0.99
Triglycerides (mmol/l) 1.07 (0.44; 3.04) 1.00 (0.90; 1.11) 1.10 (1.12; 1.20) 0.14
eGFR (ml/min/1.73m?) 163 (143; 183) 153 (124; 183) 165 (142; 189) 0.54
Medication use
Anti-hypertensive, n (%) 67 (31.0) 24 (28.6) 43 (32.6) 0.54
Anti-diabetic, n (%) 22 (10.2) 5 (5.95) 17 (12.9) 0.10
Statins, n (%) 27 (12.5) 10 (11.9) 17 (12.9) 0.83
Anti-oxidant, n (%) 22 (10.2) 5 (5.95) 17 (12.9) 0.10

Values are expressed as arithmetic mean with 95% confidence intervals, geometric mean with 5t and
95! percentiles, or proportions. Groups are compared by means of analysis of covariance, adjusted
for race, sex, and age. Categorical differences are compared by means of Chi-square.

*Physically active denotes 2150minutes 3-6 METs and physically inactive denotes <150minutes 3-6
METs.*P, P<0.05; **P, P<0.01; ***P, P<0.001.
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N, number of participants; HIV, human immunodeficiency; TEE, total energy expenditure; AEE,
activity-related energy expenditure; 24h SBP, twenty-four hour systolic blood pressure; 24h DBP,
twenty-four hour diastolic blood pressure; 24h MAP, twenty-four hour mean arterial pressure; 24h PP,
twenty-four hour pulse pressure; Cwk, Windkessel compliance; TPR, total peripheral resistance;
TBARS, thiobarbituric acid reactive substances; GPx, glutathione peroxidase; GR, glutathione
reductase; ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; NLR,
neutrophil/lymphocyte ratio; GGT, gamma-glutamyltransferase; LDL-C, low-density lipoprotein
cholesterol; HDL-C, high-density lipoprotein cholesterol, eGFR, estimated glomerular filtration rate;
and METs, metabolic equivalents.
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Physically active Physically inactive
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Figure 3.1. Independent associations of cardiovascular markers with L-homoarginine, total
Glutathione, and SDMA in the physically active and inactive participants, respectively

As in Supplementary Table 3.3, models were adjusted for race, sex, age, waist circumference,
cotinine, GGT, glycated haemoglobin; cholesterol, eGFR, and C-reactive protein. 24h SBP, twenty-
four hour systolic blood pressure; 24h DBP, twenty-four hour diastolic blood pressure; 24h MAP,
twenty-four hour mean arterial pressure; 24h PP, twenty-four hour pulse pressure. GGT; gamma-
glutamyltransferase; and eGFR; estimated glomerular filtration rate. P-values < 0.05 regarded as
significant.
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Supplementary Table 3.1. Partial regression analyses of cardiovascular markers with markers of oxidative stress and inflammation in physically active and —

inactive groups.

Physically active* (n=84)

Physically inactive* (n=132)

24h 24h 24h 24h TPR Cwk 24h 24h 24h 24h TPR Cwk
SBP DBP MAP PP (mmHg/ (ml/mm SBP DBP MAP PP (mmHg/ (ml/mm
(mmHg) (mmHg) (mmHg) (mmHQ) ml/s) Hg) (mmHg) (mmHg) (mmHg) (mmHg) ml/s) HQg)
TBARS (mg/gCrn) r=-0.01 r=-0.02 r=-0.02 r=0.01 r=0.07 -0.08 r=-0.14 r=-0.02 r=-0.08 r=-0.20 r=0.20 r=-0.18
p=0.92 p=0.84 p=0.87 p=0.92 p=0.56 p=0.53 p=0.15 p=0.82 p=0.42 p=0.045 p=0.041 p=0.068
tGSH (uM) r=0.24 r=0.31 r=0.29 r=0.06 r=0.09 r=0.0004 r=0.02 r=0.05 r=0.04 r=-0.02 r=0.11 r=-0.04
p=0.043 p=0.009 p=0.014 p=0.60 p=0.46 p=1.00 p=0.85 p=0.60 p=0.69 p=0.86 p=0.26 p=0.69
GPx (nmol/min/ml) r=0.09 r=0.12 r=0.12 r=0.02 r=0.19 =-0.16 r=0.05 r=0.05 r=0.05 r=0.03 =-0.06 r=0.01
p=0.43 p=0.30 p=0.33 p=0.85 p=0.11 p=0.18 p=0.64 p=0.62 p=0.61 p=0.80 p=0.55 p=0.87
GR (nmol/min/ml) r=-0.06 r=0.07 r=0.01 r=-0.22 r=0.05 r=-0.24 r=0.11 r=0.13 r=0.13 r=0.04 r=0.21 r=-0.13
p=0.59 p=0.55 p=0.91 p=0.062 p=0.69 p=0.047 p=0.28 p=0.18 p=0.19 p=0.70 p=0.040 p=0.21
L-homoarg (umol/l) r=0.21 r=0.24 r=0.23 r=0.09 r=-0.01 r=-0.08 r=-0.02 r=-0.07 r=-0.05 r=0.04 r=-0.08 r=0.10
p=0.078 p=0.049 p=0.052 p=0.47 p=0.93 p=0.52 p=0.84 p=0.49 p=0.62 p=0.67 p=0.43 p=0.33
ADMA (pmol/l) r=0.20 r=0.10 r=0.15 r=0.23 r=0.006 r=0.17 r=0.14 r=0.06 r=0.11 r=0.16 r=-0.19 r=0.19
p=0.10 p=0.40 p=0.22 p=0.054 p=0.96 p=0.16 p=0.15 p=0.54 p=0.30 p=0.11 p=0.057 p=0.052
SDMA (umol/l) r=0.02 r=0.04 r=0.03 r=-0.01 r=0.03 r=-0.02 r=0.29 r=0.18 r=0.25 r=0.28 r=-0.001 r=-0.01
p=0.88 p=0.76 p=0.80 p=0.94 p=0.80 p=0.87 p=0.003 p=0.069 p=0.013 p=0.005 p=0.99 p=0.90
NLR (x103ul) r=-0.06  r=-0.09 r=-0.08 r=-0.006 r=-0.09 r=0.03 r=0.09 r=-0.11  r=-0.02 r=0.24 r=-0.22 r=-0.13
p=0.63 p=0.47 p=0.52 p=0.96 p=0.48 p=0.91 p=0.40 p=0.26 p=0.81 p=0.017 p=0.025 p=0.20
Monocytes (x103ul) r=0.16 r=0.14 r=0.15 r=0.12 r=-0.07 r=0.04 r=0.02 r=-0.10 r=-0.05 r=0.13 r=-0.20 r=0.18
p=0.19 p=0.25 p=0.21 p=0.30 p=0.54 p=0.76 p=0.81 p=0.30 p=0.63 p=0.18 p=0.040 p=0.073
CRP (mg/l) r=0.24 r=0.21 r=0.23 r=0.18 r=-0.26 r=0.29 r=0.06 r=0.04 r=0.05 r=0.06 r=-0.31 r=0.26
p=0.045 p=0.083 p=0.056 p=0.12 p=0.032 p=0.015 p=0.54 p=0.69 p=0.60 p=0.52 p=0.002 p=0.008
IL-6 (pg/ml) r=-0.02  r=-0.02 r=-0.02 r=-0.02 r=-0.001 r=0.07 r=0.09 r=0.07 r=0.08 r=0.07 r=-0.18 r=0.24
p=0.85 p=0.85 p=0.85 p=0.89 p=0.99 p=0.54 p=0.40 p=0.50 p=0.43 p=0.51 p=.078 p=0.014

Adjusted for race, sex, and age; and in the case of TPR and Cwk, also for 24h MAP.
*Physically active denotes 2150minutes 3-6 METs and physically inactive denotes <150minutes 3-6 METSs.

24h SBP, twenty-four hour systolic blood pressure; 24h DBP, twenty-four hour diastolic blood pressure; 24h MAP, twenty-four hour mean arterial pressure;
24h PP, twenty-four hour pulse pressure; CwkWindkessel compliance; TPR, total peripheral resistance; TBARS, thiobarbituric acid reactive substances;
tGSH, total glutathione, GPx, glutathione peroxidase; GR, glutathione reductase; L-homoarg, L-homoarginine; ADMA, asymmetric dimethylarginine; SDMA,
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symmetric dimethylarginine; NLR, Neutrophil/lLymphocyte ratio, and CRP, c-reactive protein; IL-6, interleukin-6; N, number of participants; and METS,
metabolic equivalents.
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Supplementary Table 3.2. Multiple regression analyses of cardiovascular markers with markers of oxidative stress and inflammation in the physically active

group.
Physically active (n=84)
24h SBP (mmHg) 24h DBP (mmHg) 24h MAP (mmHg) 24h PP (mmHg)

AdiR b* o Ad; b* - Ad| b* - Adi b* -

2 95%Cl)  value | R? 95%Cl)  value | R? (©95%Cl)  value | R? 95%Cl)  value
TBARS 0.01 20.001 0.005 0.04
(mg/g Crn) 053 (016,019 087 | 046 (p19.018 09 | 051 (517018 09 | 036 516024y 071
{GSH 0.09 0.18 0.15 20.06
o 052 gonoze 027 | 049 gorlogs 0037 | 052 00 0078 | 032 X% 057
GR -0.008 0.11 0.06 016
(moiminiml) %% (017,015 09 | 048 (g07.008) 023 | 052 (511002 049 | 038 5347003 010
GPx 0.048 0.077 0.067 0.004
(moiminiml) %% (012:020) 098 | 048 (540.006) 040 | 052 510,004y 0% | 036 (519020 O
L-homoarg 0.18 0.21 0.20 0.08
(umoll) 056 0o1;035 004 | 050 03039y 0028 | 055 503037 0025 | 036 515009 04
SDMA 0.09 0.08 0.09 0.07
(umol/) 054 009,027y O3 | 047 510027y O30 | 052 500027y O34 | 036 514008 052
NLR :0.10 2010 :0.10 20.08
(x103y) 054 (026005 020 | 048 (5277006 02 | 098 (p26005) 020 | 937 (go26011) O4?
Monocytes 0.09 0.06 0.07 0.11
(x103ul) 054 (008026 O3 | 047 (0120249 0% | 052 5400249 042 | 037 (509030 O30
CRP 0.03 0.06 10.02 0.05
(ma/l) 053 (016:023 O™ | 047 (14,027 096 | 036 515005 088 | 052 5o4001) 062
IL-6 013 011 012 2011
(pg/ml) 055 (930004 013 | 048  (599.007) 922 | 098 (5997005 010 | 037 (pa1.008 O

Models were adjusted for race, sex, age, waist circumference, cotinine, gamma-glutamyltransferase, glycated haemoglobin, cholesterol, and estimated
glomerular filtration rate.

N, number of participants; 24h SBP, twenty-four hour systolic blood pressure; 24h DBP, twenty-four hour diastolic blood pressure; 24h MAP, twenty-four
hour mean arterial pressure; 24h PP, twenty-four hour pulse pressure; Adj, adjusted; TBARS, thiobarbituric acid reactive substances; tGSH, total
glutathione, GR, glutathione reductase; GPx, glutathione peroxidase; L-homoarg, L-homoarginine; SDMA, symmetric dimethylarginine; NLR,
Neutrophil/Lymphocyte ratio; CRP, C-reactive protein, and IL-6, interleukin-6.
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Supplementary Table 3.3. Multiple regression analysis of cardiovascular markers with markers of oxidative stress and inflammation in the physically inactive

group.
Physically inactive (n=132)
24h SBP (mmHg) 24h DBP (mmHg) 24h MAP (mmHg) 24h PP (mmHg)

Adj b* o Adj b* o Adj b* o Adi b* o

R? (95%Cl)  value | R? (95%Cl)  value | R? (95%Cl)  value | R? (95%Cl)  value
TBARS 20.01 0.03 0.01 20.05
(mg/g Crn) 040 (016:014) 937 | 037 (13,0190 972 | 037 (914016 08 | 030 (go05011) O3
{GSH 0.09 0.06 0.12 0.007
o 040 oecoqey 037 | 037 0ed0,q 0098 | 037 gt 013 | 031 0o 03
GR 0.05 0.37 0.06 0.02
moiminiml) %4 (011.016) %37 | 037 (0110190 0% | 037 (oos0200 0% | 029 516014y OB
GPx 0.08 0.05 0.07 0.10
moiminiml) %% (005.022) 924 | 030 (5100200 990 | 037 (907,021 O | 030 gos025 022
L-homoarg -0.06 -0.10 -0.08 0.006
(umoll) 039 (022,001 038 | 038 (5277007 027 | 038 (po5.008 932 | 02 (g17.018) O
SDMA 0.25 0.20 0.23 0.21
(umol/) 045 010,039 0001 | 042 go5.036 0013 | 042 o5 038 0003 | 032 445 0a7) 0012
NLR 0.01 -0.10 -0.05 0.13
(x103l) 040 (014:016) 937 | 037 (26,006) 9% | 037 (g21:0100 0% | 032 (02029 010
Monocytes 0.001 0.06 -0.04 0.09
(x103u) 040 015,015 937 | 037 (o24008 O34 | 037 (o20011) O%8 | 031 (507,025 OB
CRP 10.03 -0.01 :0.02 -0.03
(ma/l) 040 (922:016) 037 | 037 (0220190 08 | 037 gm0y 082 | 030 4504017 O
IL-6 :0.02 0.37 -0.003 -0.05
(pg/ml) 040 919.015 937 | 037 (1020 990 | 037 (51g.018 0% | 030 pos013 OO

Models were adjusted for race, sex, age, waist circumference, cotinine, gamma-glutamyltransferase, glycated haemoglobin, cholesterol, and estimated
glomerular filtration rate.

N, number of participants; 24h SBP, twenty-four hour systolic blood pressure; 24h DBP, twenty-four hour diastolic blood pressure; 24h MAP, twenty-four
hour mean arterial pressure; 24h PP, twenty-four hour pulse pressure; Adj, adjusted; TBARS, thiobarbituric acid reactive substances; tGSH, total
glutathione, GR, glutathione reductase; GPx, glutathione peroxidase; L-homoarg, L-homoarginine; SDMA, symmetric dimethylarginine; NLR,
Neutrophil/Lymphocyte ratio; CRP, C-reactive protein, and IL-6, interleukin-6. *P, P<0.05; **P, P<0.01; ***P, P<0.001.
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Supplementary Table 3.4. Multiple regression analysis of cardiovascular markers and markers of oxidative stress, with an additional adjustment for

inflammation in physically active and —inactive groups, respectively.

Physically active (n=84)

24h SBP (mmHg)

24h DBP (mmHg)

24h MAP (mmHg)

24h PP (mmHg)

Ad b* p- Ad; b* - Ad; b* p- Adi b* -

% 95%Cl)  value | R? 95%Cl)  value | R? (95%Cl)  value | R? (95%Cl)  value
TBARS 0.01 20.006 0.001 0.04
(mg/g Crn) 052 (016,018 09 | 046 519018y 0% | 050 (518018 09 | 035 (516024 O7?
{GSH 0.09 0.19 0.15 .0.06
o 051 gonoze 027 | 048 gopiogg 0034 | 052 0t 0075 | 031 (300 . 056
GR -0.01 0.10 0.05 016
emolmin/my %% 018015y %87 | 947 (oog027y 028 | 051 (120220 056 | 038 536003 (0098
GPx 0.06 0.09 0.08 0.0005
(moiminiml) %% (012:023) 992 | 047 (g00.0028) 033 | 052 (510,005 038 | 035 (550020 10O
L-homoarg 0.18 0.21 0.21 0.08
(umoll) 055 0o1;036 003° | 050 03039 0026 | 055 503038 0023 | 035 (543029 O
SDMA 0.09 0.09 0.09 0.07
(umoll) 053 (0o09:027) 932 | 047 (510,028 936 | 052 509007y 032 | 035 (544009 053

Physically inactive (n=132)
24h SBP (mmHg) 24h DBP (mmHg) 24h MAP (mmHg) 24h PP (mmHg)

Ad b* p- Ad; b* - Ad; b* p- Adi b* -

% 95%Cl)  value | R? 95%Cl)  value | R? (95%Cl)  value | R? (95%Cl)  value
TBARS 0.02 0.03 0.008 20.06
(mg/g Crn) 040 (016013 98 | 030 (5140199 O | 036 (515016 99% | 030 (g2 g1y OS50
{GSH 0.09 0.14 0.12 0.007
o 040 ooozs 025 | 030 oo oos2 | 037 oot 013 | 030 00T 03
GR 0.05 0.05 0.05 0.02
emoimin/my %3 (009018 9% | 930 (0090200 94 | 930 (0100200 0% | 92 (13017 082
GPx 0.09 0.05 0.07 0.10
moiminiml) %% (005023 922 | 030 (g40,021) 04 | 036 (po77022) 033 | 030 505025 019
L-homoarg -0.06 -0.10 0.01 -0.08
(umoll) 039 (022:011) 9% | 032 (5o7.007) 0% | 028 (g25008 0% | O3 (017,019 033
SDMA 0.25 0.20 0.23 0.21
(umoll) 044 (010,039 0001 | 035 5550369 0013 | 042 08038 00083 | 032 (544037 0014

Models were adjusted for race, sex, age, waist circumference, cotinine, gamma-glutamyltransferase, glycated haemoglobin, cholesterol, estimated
glomerular filtration rate, and C-reactive protein.
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N, number of participants; 24h SBP, twenty-four hour systolic blood pressure; 24h DBP, twenty-four hour diastolic blood pressure; 24h MAP, twenty-four
hour mean arterial pressure; 24h PP, twenty-four hour pulse pressure; Adj, adjusted; TBARS, thiobarbituric acid reactive substances; tGSH, total
glutathione, GR, glutathione reductase; GPx, glutathione peroxidase; L-homoarg, L-homoarginine; and SDMA, symmetric dimethylarginine.
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SUMMARY AND CONCLUSIONS



1. Introduction and aim

Cardiovascular disease (CVD) incidence is on the rise [1] and is more prevalent in low- and
middle income countries, such as South Africa, where individuals often remain untreated for
non-communicable diseases [2]. Data from the 2011-2012South African National Health and
Nutrition Examination Survey (SANHANES) showed that 52% of hypertensive adults in the
United States of America were controlled, compared to only 8.5% controlled hypertensive
adults in South Africa [3]. The authors stated that this may partly be due to cost of travel to
healthcare services, poor adherence to medication use, and possibly ineffective medication,
among other factors [3]. It is recommended that physical activity deserves top priority as it
has been demonstrated in high-income countries to be effective at lowering the prevalence
of CVD [1]. High intensity physical activity is heeded to obtain an anti-inflammatory and anti-
oxidant effect, resulting in increased nitric oxide synthesis capacity [4,5,6]. However,
moderate physical activity seems more practical and easy to adhere to, especially in older
populations. This is especially important as CVD prevalence increases with age [7]. Physical
activity may be an affordable and effective manner by which CVD can be prevented and/or
treated in conjunction with dietary and pharmacological regimens. In our study, only 3.57%
of physically active participants achieved high intensity physical activity levels. Therefore, the

results of this study are attributed to the advantages of moderate physical activity.

This study aimed to investigate the interplay of vascular function measures with oxidative
stress, inflammation, and nitric oxide synthesis capacity in physically active and inactive
South Africans. This chapter summarises the main findings of the study and reflects on the
hypotheses. Results will be interpreted, discussed and compared with related literature,
followed by conclusions and recommendations for future researchers investigating similar

topics.

2. Hypotheses and main findings

We firstly hypothesised that: “Physically inactive South Africans will display worse vascular
function (lower Windkessel compliance (Cwk), higher total peripheral resistance (TPR),
twenty-four hour (24h) systolic blood pressure (SBP), 24h diastolic blood pressure (DBP),
24h mean arterial pressure (MAP), and 24h pulse pressure (PP)), oxidative stress (higher
thiobarbituric acid reactive substances (TBARS), as well as lower total glutathione (tGSH),
glutathione peroxidase (GPx), and glutathione reductase (GR)), inflammation (higher C-
reactive protein (CRP), interleukin-6 (IL-6), neutrophil-lymphocyte ratio (NLR), and
monocytes), and nitric oxide synthesis capacity (higher L-homoarginine, as well as lower
asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA)) profiles

when compared to physically active individuals”.
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As illustrated in Figure 4.1, we found improved vascular function (Cwk) and nitric oxide
synthesis capacity (L-homoarginine) in the physically active group compared to the
physically inactive group. However, this hypothesis is only partially accepted, as
inflammatory profiles were similar between groups and oxidative stress (TBARS) was higher

in the physically active group compared to the physically inactive group.

We secondly hypothesised that “Markers of vascular function (Cwk, TPR, 24h SBP, 24h
DBP, 24h MAP, and 24h PP) will adversely associate with markers of oxidative stress
(TBARS, tGSH, GPx, and GR), inflammation (CRP, IL-6, NLR, and monocytes), and nitric
oxide synthesis capacity (L-homoarginine, ADMA, and SDMA) in the physically inactive
group. Furthermore, markers of vascular function (Cwk, TPR, 24h SBP, 24h DBP, 24h MAP,
and 24h PP) will beneficially associate with markers of oxidative stress (TBARS, total
glutathione, GPx, and GR), inflammation (CRP, interleukin-6, neutrophil-lymphocyte ratio,
and monocytes), and nitric oxide synthesis capacity (L-homoarginine, ADMA, and SDMA) in

the physically active group."

As hypothesised, we found beneficial associations between vascular function (24h SBP, 24h
DBP, and 24h MAP) and nitric oxide synthesis capacity markers (L-homoarginine) in the
physically active group with multiple regression analyses. In the same analyses, the
physically inactive group showed that vascular function (24h SBP, 24h DBP, 24h MAP, and
24h PP) adversely associated with nitric oxide synthesis capacity (SDMA), as illustrated in
Figure 4.2. However, the hypothesis can only be partially accepted. There were significant
correlations of TPR and Cwk with oxidative stress and inflammation in partial regression
analyses. However, significance was lost in multiple regression analyses. Unexpectedly,
vascular function (24h DBP) inversely correlated with an endogenous anti-oxidant (tGSH) in
the physically active group after full adjustments were made. Furthermore, adjustments for
inflammation (CRP) in multiple regression indicated no change in results and proved that our

findings are independent of inflammation.
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Physically active group

Nitric oxide
TL-homoarginine
tL-homoarginine

Vascular function
124h SBP, 24h DBP, and
24h MAP
Tt Windkessel compliance

v

Inflammation <€ Oxidative stress

1Total glutathione
1 Thiobarbituric acid
reactive substances

Figure 4.1: Associations of blood pressure with L-homoarginine and total glutathione as well
as increased L-homoarginine and thiobarbituric acid reactive substances in the physically

active group
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Physically inactive group

Nitric oxide
1Symmetric dimethylarginine

Vascular dysfunction
124h SBP, 24h DBP, 24h
MAP, and 24h PP

Inflammation < > Oxidative stress

Figure 4.2: Associations of blood pressure with symmetric dimethylarginine in the physically

inactive group

3. Reflection on hypotheses and comparison of main findings with relevant literature
3.1. Vascular function compared between physically active and inactive groups

When comparing the findings of the current study with the literature, there are both
similarities and controversies. Higher Cwk found in the physically active group is in
agreement with another study which demonstrated that master endurance athletes have
superior vascular function determinants, such as increased Cwk and decreased TPR, when
compared to their sedentary peers [8]. In our study, the majority of participants only achieved
moderate and not high intensity physical activity levels as would be expected with endurance
athletes. Nevertheless, we still indicated that even moderate physical activity resulted in
higher arterial compliance. This may suggest that high levels of physical activity may not be
a requirement for cardiovascular benefits. However, TPR was similar when comparing the
physically active and inactive groups. According to Lee et al. [7], after 50 years of age,
arterial stiffness adversely affects Windkessel compliance to a greater extent than TPR. In
our study the mean age of the total group was 49.7 years and this may in part explain why

Windkessel compliance rather than TPR was different between the groups.
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We did not find any significant differences in 24h blood pressures between the physically
active and inactive groups. A study on the same population found that hypertensive
participants (blood pressure 140+17 / 93+10 mmHg) had significantly more (10.7%)
sedentary hours per day compared to the normotensive group (blood pressure 117+10 /
7948 mmHg) [9]. This also shows that it may possibly be more effective to focus on
minimising sedentary hours than increasing the intensity of physical activity. Again, this may
be more practical for older populations.

3.2 Oxidative stress and inflammation compared between physically active and

inactive groups

In other studies, high intensity physical activity resulted in decreased oxidative stress and
inflammation [4,6]. As presented in Figure 4.1, our study found increased levels of TBARS
in the physically active group. This contradicts other research [10], but may be explained by
the Hormesis theory [11]. The physically active participants may have increased oxidative
stress (TBARS) from physical activity; however, oxidative stress levels are not yet high
enough for the body to adapt by up-regulating endogenous anti-oxidant enzymes [11].
Additionally, increased TBARS in the physically active group could be explained by other

factors, such as diet [12].

Similar waist circumferences between groups may also partly explain similarities in
inflammatory profiles between groups, as abdominal adipose tissue distribution has an
inflammatory effect on the vasculature [13]. It may also be that high intensity physical activity

is needed to improve the inflammatory profile [4,5].

3.3 Nitric oxide synthesis capacity compared between physically active and inactive

groups

We found that the physically active group has increased L-homoarginine, which is an
analogue of L-arginine [14]. It is argued that homoarginine-mediated arginase inhibition will
lead to increased levels of arginine, and a subsequent increase in nitric oxide synthesis
[14,15]. The reference range for L-homoarginine in healthy humans is 2 to 3 mmol/l.
However, other studies presented 1.41 to 5.00 mmol/l for men and 1.20 to 5.53 mmol/l for
women [15]. Elevated levels of L-homoarginine are needed to obtain an arginase inhibiting
effect which indicates that other mechanisms may also play a cardioprotective role [15]. L-
homoarginine may also lower blood pressure by facilitating nitrate excretion or by acting as
an alternative substrate for nitric oxide synthase [14]. Decreased nitric oxide plays a key role
in vascular dysfunction and from our results it seems that even moderate physical activity

addresses this problem, as illustrated in Figure 4.1 and Figure 4.2. Similar to our study,
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other studies have found that physical activity upregulates the L-arginine-nitric oxide
pathway [16]. However, controversial results indicate that L-homoarginine is a weak
substrate for nitric oxide synthase and may have a hypertensive effect by competing with
arginine [15]. Limited studies could be found regarding increased L-homoarginine and

physical activity.
3.4 Additional findings when comparing physically active and inactive groups

The physically active group included 18.3% less black participants than the inactive group.
Similar results were found in another African cohort which demonstrated that black men did
not only have more sedentary time, but also had a higher prevalence of hypertension when
compared to white men [17]. In addition to these findings, a higher body mass index in the
physically active group may be a result of increased muscle mass from physical activity, as a
similar waist circumference between groups indicates similar amounts of abdominal adipose

tissue.

The physically active group had lower GGT, which is a cardiovascular risk marker
associated with oxidative stress and inflammation [18]. In agreement with our study, other
research also shows that physically active individuals may have lower GGT levels [18].
Gamma-glutamyltransferase is further associated with alcohol abuse and increased levels of
abdominal adipose tissue [18]. However, there were no differences in alcohol use or waist

circumference between the groups in our study.
3.5 Associations of blood pressure with oxidative stress and inflammation

Instead of tGSH having a hypotensive effect as an anti-oxidant [19], Figure 4.1 illustrated a
positive association of 24h DBP with tGSH in the physically active group. Another SABPA
study showed that black men have increased tGSH and L-arginine, despite having higher
blood pressure, when compared to white men [20]. It was suggested that increased oxidative
stress resulted in a subsequent upregulated redox status in black men [20]. Therefore, we
did adjust for race in our study. In addition, the physically active group showed lower levels
of GGT, which has the ability to degrade glutathione [18].

Cardiovascular variables did not associate with markers of inflammation in multiple
regression analyses, therefore we repeated the multiple regression analyses, with an
additional inclusion of CRP to the models. However, all associations between variables
remained significant as with the previous multiple regression which showed that our findings

are independent of inflammation. Other studies proved that high intensity physical activity

67



resulted in decreased inflammation [4,5]. In our study, moderate intensity physical activity

was not efficient to achieve lower levels of inflammation.
3.6 Associations of blood pressure with nitric oxide synthesis capacity

The physically active group indicated that 24h SBP, 24h DBP, and 24h MAP correlated with
L-homoarginine. However, with our first hypothesis we explained that L-homoarginine may
have a hypotensive effect. The association between blood pressure and L-homoarginine
may be a result of an upregulated nitric oxide synthesis system, as with the association
between 24 DBP and tGSH. Research regarding L-homoarginine and its association with
blood pressure are controversial [15]. The possibility exists that normal levels may have a
hypotensive effect and that abnormal levels of L-homoarginine are associated with vascular
dysfunction [15]. Research that found positive associations of blood pressure with L-
homoarginine argued that L-homoarginine is a weak substrate for nitric oxide synthase

which competes with L-arginine for nitric oxide production [15].

Moreover, in the physically inactive group, Figure 4.2 showed that 24h SBP, 24h DBP, 24h
MAP, and 24h PP related to SDMA. Research also revealed that SDMA is an indirect
inhibitor of nitric oxide synthase by increasing the production of reactive oxygen species and
thereby decreasing L-arginine transport from plasma into endothelial cells [21,22]. These
results suggest that moderate physical activity may alter vascular function through

modifications in nitric oxide synthesis capacity.

4. Chance and confounding

Various factors could have confounded the results of this study including the methodology,
statistical analyses, and interpretation of results. Controversy exists over the mechanism and
function of L-homoarginine [14,15,23]. However, in conjunction with other nitric oxide
synthesis capacity markers such as ADMA and SDMA, and vascular function measures, the
mechanism and function of L-homoarginine may become clearer. This sample group does
not represent the entire South African population as all participants are from the
Potchefstroom district in the North-West Province of South Africa. However, this study

included black and white South African men and women with similar socio-economic status.

Regarding the results, the possibility of chance should be taken into consideration. We
investigated all the statistical results from a physiological perspective, as all statistical
significance does not necessarily indicate physiological significance. Therefore, possible
physiological mechanisms were used to interpret the associations shown in this study.
Several adjustments were made for possible confounders in regression analyses.

Adjustments for confounders may have caused over- or underestimation of the associations
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found between markers of vascular function with oxidative stress, inflammation, and nitric

oxide synthesis capacity.

5. Recommendations for future research

e Future studies should aim to discover an optimal physical activity level reference range to
improve vascular function, oxidative stress, inflammation, and nitric oxide synthesis
capacity.

o The reference ranges and mechanisms by which physical activity improves vascular
function, oxidative stress, inflammation, and nitric oxide synthesis should be investigated
in black and white, male and female, as well as young and older populations, as these
factors all affect the normal cardiovascular physiology.

o Future studies should include prospective and intervention studies to investigate the
effect of habitual physical activity on vascular function, oxidative stress, inflammation, and
nitric oxide synthesis capacity.

e Further studies need to include more nitric oxide synthesis capacity markers to explain
the nitric oxide pathway regarding moderate physical activity. For instance, L-arginine and
L-homoarginine should be included for more clarity regarding L-homoarginine and its role
in exercise.

e From our study it is evident that nitric oxide is a mechanism by which moderate physical
activity improves vascular function. Future studies may investigate whether L-arginine
supplementation has additional vascular benefits in moderate physically active

individuals.

6. Conclusions

In comparison to other studies, this study is unique as literature regarding the interplay
between vascular function with oxidative stress, inflammation, and nitric oxide synthesis
capacity in South Africans is limited. It is also evident from the literature that high intensity
physical activity is needed to improve vascular function, oxidative stress, inflammation, and
nitric oxide synthesis capacity [4,5,6]. However, we demonstrated that even moderate
physical activity may alter vascular function (Cwk), oxidative stress (GGT), and nitric oxide
synthesis capacity (L-homoarginine). In the physically active group, correlations of vascular
function (24 SBP, 24h DBP, and 24 MAP) with nitric oxide synthesis capacity (L-
homoarginine) were present, along with correlations between vascular function (24h DBP)
with oxidative stress (tGSH). In the physically inactive group, vascular function (24h PP, 24h
SBP, 24h DBP, and 24h MAP) negatively correlated with nitric oxide synthesis capacity
(SDMA). This indicates a possible mechanism by which moderate physical activity mitigate

the development of cardiovascular disease in a black and white South African population.
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Government interventions should therefore aim to improve physical activity, even at
moderate intensities, as a cost-effective manner to improve cardiovascular health in South

Africa.
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