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PREFACE 

This dissertation contains five chapters of which the research results are presented in 

article-format. The first chapter provides an introduction consisting of a brief background and 

problem statement motivating the purpose of this study. Chapter 2 comprises a 

comprehensive literature overview relevant to the topic of this dissertation, aims objectives 

and the hypotheses. Chapter 3 is an overview of the study protocol combined with all 

applicable information on the materials and methods used to acquire the data. Chapter 4 

consists of the research article (abstract, introduction, methods, results, discussion and 

conclusion). The manuscript will be submitted for publication to the Journal of Hypertension 

Research. Chapter 5 is the concluding chapter, which contains the summary of key findings 

and recommendations for future studies. The supervisor and co-supervisor are included as 

co-authors of the article. The first author was accountable all the parts of this dissertation, as 

well as literature searches, statistical analyses, the interpretation of results in addition to 

writing the research paper. All co-authors gave their permission for the research articles to 

form part of this dissertation. After every chapter, relevant references are provided in the 

format set forth by the Journal of Hypertension Research. 
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Summary 

Motivation 

Cigarette smoking is one of the most important modifiable risk factors for the 

development of cardiovascular disease (CVD). Smoking not only plays a role in the onset of 

CVD, but it has a significant contribution to disease progression and fatal cardiovascular 

outcomes such as stroke. Globally, smoking kills 6 million people annually. In 2002, it was 

estimated that 15% of South Africans are smokers. 

Tobacco products contain a variety of toxic chemicals as well as reactive oxygen 

species (ROS) with the possibility of sustaining cardiovascular injury. Tobacco use increases 

the amount of oxidative stress by producing ROS and weakening the antioxidant defence 

system. Elevated levels of ROS react with membrane lipids, proteins, and nucleic acids, 

causing cellular dysfunction and death. Oxidative stress is one of the major contributors in the 

link between smoking and CVD. Oxidative stress has also been shown to increase pulse wave 

velocity (PWV). Higher levels of antioxidant enzymes such as glutathione peroxidase-3 (GPx-

3) is associated with wider central retinal artery equivalent (CRAE).

Cigarette smoke is associated with increased PWV and decreased compliance, 

suggesting an increase in arterial stiffness. Cigarette smoking also adversely impacts on the 

microvasculature, it has been linked to a wider central retinal vein equivalent (CRVE), and to 

a lesser extent larger or unchanged CRAE.  

The role of smoking on the association of oxidative stress with micro- and 

macrovasculature in smokers in a young South African population that does not yet present 

cardiovascular dysfunction is not well investigated. 

Methodology 

We included 237 non-smokers (108 black and 129 white) and 145 smokers (78 black 

and 67 white) from Potchefstroom, South Africa aged between 20 and 30 years. All 

participants gave written informed consent prior to any measurements being performed. 

Anthropometric measurements (weight, height, waist circumference and body mass index) 

were measured. Carotid femoral PWV (cfPWV) was determined using a SphymoCor Xcel 

device, whereas CRAE and CRVE were determined by using retinal imaging with a Dynamic 

Vessel Analyser. Serum ROS was analyzed in order to describe oxidative stress and the 

Synergy H4 hybrid microplate reader was used. Serum cotinine levels were determined to 
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differentiate smokers from non-smokers. Cotinine was analyzed using Chemiluminescence 

method of the Immulite. 

Two-way ANOVA and Chi-square tests were performed to compare means and 

proportions between groups. Person and partial correlation analyses were done and in partial 

correlations, adjustments were made for age, gender and body mass index (BMI). PWV was 

additionally adjusted for mean arterial pressure (MAP). Forward stepwise multiple regression 

analysis was performed to determine independent associations. Variables that were included 

in the multiple regression models were age, gender, BMI, systolic blood pressure (SBP), MAP, 

C-reactive protein (CRP), total cholesterol and ROS. PWV, CRAE, CRVE and AVR

Results 

Regardless of smoking status, PWV, CRVE and ROS were similar between black and 

white groups, whereas CRAE and arterio-venous ratio (AVR) were higher in white than in 

black non-smokers. In single regression analysis, ROS correlated positively with the CRVE 

(r=0.29; p=0.014) and inversely with AVR (r=–0.37; p=0.002) in black smokers only. After 

partially correcting for age, gender and BMI only the association with AVR remained, and a 

positive correlation emerged between ROS and PWV in black smokers (r=0.24; p=0.042). In 

black smokers, we confirmed the independent associations of ROS with AVR (Adj. R2=0.19; 

β=–0.33; p=0.004), PWV (Adj. R2=0.35; β=–0.24; p=0.042), and an independent relationship 

of ROS and CRAE (Adj. R2=0.18; β=–0.25; p=0.034) emerged.  

Conclusions 

Our results suggest that cigarette smoking modifies the relationship between ROS and 

vascular function and may contribute to a potential acceleration of increasing cardiovascular 

morbidities, especially among the black population. 

Key words: race, reactive oxygen species, arterial stiffness, retinal vessel calibres 
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INTRODUCTION AND MOTIVATION 
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1.1 Motivation and problem statement  

Cigarette smoking is the foremost cause of avoidable morbidity and premature death 

1 whether due to respiratory diseases, lung cancer or cardiovascular disease (CVD) 2-4. 

Smoking was shown to play a role not only in the onset of CVD, but also significantly adds to 

disease progression and fatal cardiovascular outcomes such as coronary heart disease (CHD) 

and stroke 3, 5. Globally, smoking kills 6 million people every year with almost 10% of those 

deaths related to second-hand smoking 3. In South Africa cigarette smoking ranks fourth out 

of 17 mortality risk factors 6, 7. Other mortality risk factors included in this list are excessive 

alcohol abuse, high blood pressure, diabetes and hypercholesterolemia 8. In 2002, it was 

estimated that 7 million (15%) people in South African are active smokers 9.  

The key aspects of the cardiovascular pathophysiology linked to smoking include 

endothelial dysfunction, a prothrombotic state, inflammation, altered lipid metabolism and 

hypoxia 10. Numerous mechanisms have been recommended to be involved in the etiological 

connection between smoking and CVD 11, with oxidative stress regarded as one of the major 

contributors 12. Tobacco smoke contains several toxic, carcinogenic and mutagenic chemicals, 

as well as stable and unstable radicals and reactive oxygen species (ROS) with the likelihood 

of sustaining cardiovascular injury 13. Tobacco use has further been shown to augment the 

amount of oxidative stress, not only through the production of ROS present in smoke but also 

through weakening of the antioxidant defence system 14. The NOX family of ROS-generating 

NADPH oxidases has been shown to contribute the most to cigarette-induced ROS 11. 

Elevated levels of ROS react directly with membrane lipids, proteins and nucleic acid, causing 

cellular dysfunction and death (both through apoptosis and necrosis) 15.  

Pulse wave velocity (PWV), a surrogate measure of arterial stiffness, increases with 

age and in specific disease states that are themselves related to elevated cardiovascular risk, 

such as hypercholesterolemia, hypertension and diabetes mellitus 16. As changes can be 

identified prior to the presence of clinically apparent vascular disease, arterial stiffness might 

also act  as a marker for the onset and development of future atherosclerotic diseases or could 

be more directly involved in the process of atherosclerosis 17. Traditional risk factors such as 

elevated body mass index (BMI) and smoking have been implicated in augmented arterial 

stiffening. Though, findings with regard to risk factors for arterial stiffness except age and blood 

pressure are inconsistent 18.  

Acute and chronic smoking induces oxidative stress, modifying vascular tone and 

increasing arterial stiffness 19. Oxidative stress may be the primary causal pathway leading 

directly or indirectly to loss of elasticity in the arterial wall 20. Excess oxidant burden modifies 
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DNA transcription resulting in cellular proliferation and interruption of numerous redox-

sensitive signalling pathways that influence arterial remodelling 21. 

It has been suggested that microcirculatory modifications are closely related to 

cardiovascular outcomes 22, 23. Retinal photography, by permitting a direct observation of 

retinal vessels, might establish a practical and non-invasive method for the investigation of 

early alterations in human microcirculation 24. Changes in retinal vessel calibre have been 

shown to reflect cardiovascular risk 25. Cigarette smoking has also been shown to have an 

adverse impact on the microvasculature 26-28 and retinal microvasculature might serve as an 

early indicator of cardiovascular dysfunction. It was indicated that cigarette smoking 

associated with larger central retinal vein equivalent (CRVE) and to a lesser extent larger 

central retinal arteriolar equivalent (CRAE) 26. Evidence exist suggesting that CRVE might be 

influenced by systemic markers of inflammation, obesity and dyslipidaemia 29 and retinal 

arteriolar narrowing is assumed to reflect structural damage from prolonged hypertension 30. 

In the Atherosclerosis Risk in Communities Study (ARIC) and the Cardiovascular Health Study 

(CHS) black individuals were reported to have lower arterio-venous ratio (AVR) than white 

individuals, which was suggested to reflect a more severe degree of arteriolar narrowing 

associated with chronic hypertension in blacks 31, 32. Larger CRAE has been shown to 

associate with higher glutathione peroxidase-3 (GPx-3) (marker of oxidative stress) activity, 

suggesting lower risk of CVD 24.     

To our knowledge only one study has investigated the link between ROS and arterial 

stiffness in a South African population 33. This study found that levels of ROS were higher in 

black women when compared with men, but higher in hypertensive men when compared with 

normotensive men. Increased levels of ROS were associated with increased arterial stiffness 

(as measured by pulse pressure, PWV and ambulatory arterial stiffness index (AASI)) in black 

hypertensive men only. This study, however, focused on older (between the ages of 25 and 

65 years) individuals and smoking status was not considered. The role of smoking on the 

association of oxidative stress with the micro- and macrovasculature is not well investigated 

in especially a young South African population that does not yet present any cardiovascular 

dysfunction.  
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2.1 General Introduction 

It has been recognized that tobacco use has harmful health consequences 1 and it is 

a common cause of untimely death whether from respiratory disease, lung cancer or 

cardiovascular disease 2. Cigarette smoke has been shown to act interdependently with other 

cardiovascular risk factors to augment the prevalence of cardiovascular disease (CVD) 3. Even 

in the absence of other risk factors, the risk attributable to smoking continues 4. This makes 

cigarette smoking one of the most important modifiable risk factors for CVD 2. 

Globally, active and second-hand smoking contributes to mortality 5. However, a 

number of people persist or even start smoking 6. The number of smokers worldwide increased 

from 721 million in 1980 to 967 million in 2012 and the number of cigarettes smoked increased 

from 4.96 trillion to 6.25 trillion as a result of population growth 7. A World Health Organisation 

(WHO) report from 2002 reported that worldwide, approximately 20% of young teenagers (13-

15 years) smoke. About 80 000 to 100 000 children start smoking every day. About half of 

those who start smoking in their youth years are anticipated to continue smoking for 15 to 20 

years 8.  

According to the WHO, CVD was shown as the number one cause of death worldwide 

9. In South Africa, the prevalence of CVD is very common, especially in urban areas where 

two thirds of urban Africans may present with numerous risk factors for CVD 10. Black South 

Africans seem to run a higher risk of developing CVD 11, 12 and in the presence of modifiable 

risk factors such as smoking; this risk increases 13, 14. Smoking not only play a role in the 

initiation of CVD, but it also contributes to the development of disease and fatal cardiovascular 

outcomes such as coronary heart diseases, abdominal aortic aneurysms and stroke 5, 15. 

For the design of this dissertation, we will be using data from the African prospective 

study on the early detection and identification of cardiovascular disease and hypertension 

(African-PREDICT). This study included clinically normotensive black and white men and 

women from the North-West province between the ages of 20 and 30 years. A comparison 

between these groups will be drawn to determine whether possible differences and links 

between ROS and measures of micro- and macrovascular function exists in apparently healthy 

young smokers versus non-smokers. This chapter contains the relevant literature to supply 

the necessary background and is an addition to the introduction of the manuscript. The main 

focus of the literature review will be on the links of ROS and measures of micro- and 

macrovascular function pertaining to the role of smoking in those relationships. A brief 

motivation for the research article will also be included in this chapter. To conclude this chapter 

the aims and the hypotheses of the manuscript will be presented.   
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2.2 Cigarette Smoke 

2.2.1 Properties of cigarette smoke 

There are two phases contained in cigarette smoke – the tar and gas phases 16. The 

tar phase is characterized as the material that is entrapped when the smoke stream is passed 

through the cambridge glass-fibre filter that contains 99.9% of all tar material with a size > 

0.1μm 16, 17 and the gas phase is defined as the material that passes through the filter 17. The 

tar phase contains > 1017 free radicals/g and the gas phase consists of > 1015 free radicals/puff 

16. The free radicals connected with the tar phase have a long half-life (hours to months), 

whereas the radicals linked to the gas phase have a shorter lifespan (seconds) 18. Mainstream 

smoke is the term used to describe the cigarette smoke that is drawn through the tobacco into 

an active smoker’s airways 17. Smoke emitted from the burning ends of a cigarette is known 

as side stream 16. Mainstream cigarette smoke does not contain high concentrations of toxic 

gaseous components when compared with side stream cigarette smoke 17. 
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Table 2.1 Chemical components of side stream and mainstream tobacco smoke 

Type of compound 

Known human 

carcinogen 

Probable human carcinogen Toxic 

compounds  

Benzene  Formaldehyde  1,3-Butadiene  Carbon 

monoxide  

2-Naphthylamine Hydrazine  Aniline  Acrolein  

4-Aminobiphenyl N-

nitrosodimethylalamine 

Benzopyrene  Ammonia  

Nickel  N-nitrosodiethylamine  N-

nitrosodiethanolamine 

Nitrogen oxide  

Polonium-210 N-nitrosopyrrolidine Cadmium  - 

Components shaded in grey are side-stream components 19. 

2.2.2 Nicotine Metabolism  

Nicotine is the principal tobacco alkaloid 20 and is widely metabolized to numerous 

metabolites (Figure 2.1) by the liver. Only about six of these metabolites have been identified. 

Quantitatively speaking, the most significant metabolite of nicotine in most mammalian 

species is cotinine. In humans, about 70–80% of nicotine is converted to cotinine 21.  
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Figure 2.1 | Pathways of nicotine and cotinine metabolism  

 

The rate at which nicotine is metabolized can be determined by measuring nicotine 

blood levels after administration of a known dose thereof 22. Total clearance of nicotine 

averages about 1200 ml.min−1. Non-renal clearance is approximately 70% of liver blood flow. 

The metabolism of nicotine is much faster than that of cotinine. Clearance of cotinine averages 

about 45 ml.min−1 20.  

There are racial differences in the metabolism of nicotine and cotinine23-25. In a study 

by Benowitz et al., (2009) and Perez-Stable et al., (1998), the metabolism of nicotine and 

cotinine in blacks and whites were compared. 23, 25, Black individuals seemed to have a 

considerably lower total and non-renal clearance rate of cotinine compared to that of whites 
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(total clearance 0.57 vs. 0.76 ml.min−1.kg−1). Blacks also seemed to have a lower fractional 

and metabolic clearance of nicotine when compared with cotinine, compared to their white 

counterparts. Slower metabolism of cotinine in part offers an explanation for the higher cotinine 

levels per cigarette noticed in blacks than in whites26-28. One other explanation for the slower 

metabolism of cotinine in blacks is the considerably higher quantity of menthol cigarettes 

smoked among blacks than among whites 23, 29. This is true for blacks from America, as studies 

in South Africa regarding the use of menthol cigarettes is lacking. Menthol cigarette smoking 

has been shown to hinder nicotine oxidation and glucuronidation 30. Another explanation on 

higher cotinine levels observed in blacks is that there could be a racial genetic difference in 

cotinine metabolism 25. (See description in the next section) 

 

2.2.3 Biomarkers of tobacco exposure  

Nicotine measurement is exceedingly precise for tobacco use or exposure (in the 

absence of nicotine medication use), but because of nicotine’s short lifespan (2 h) the 

measurement of nicotine is not recommended for general use. Cotinine is an extremely 

specific and sensitive marker for tobacco use (in the absence of nicotine medication use) and 

has the benefits of a moderately long half-life (16 h) 20. Because of its long half-life, cotinine 

has been utilised as a biomarker for daily cigarette smoke intake, both in active cigarette 

smokers and those who have been exposed to second-hand tobacco smoke 31. There is a 

high link among cotinine concentrations measured in plasma, saliva, and urine and 

measurements in any of these biological fluids can be used as a marker of nicotine exposure 

31. There is, on the other hand, individual inconsistency in the quantitative association linking 

steady state cotinine levels and nicotine intake 32. This is due to the fact that different people 

convert different percentages of nicotine to cotinine (usual range 50–90%), and because 

different people metabolize cotinine differently at different rates (usual clearance range 20–75 

ml min−1) 31.  

 

Despite the fact that cotinine functions quite well as a biomarker of nicotine intake, due 

to racial genetic differences 25 and individual variation in its metabolism, it is not without fault. 

The metabolism of cotinine has been shown to be affected by factors such as race, gender, 

genetic variation in the liver enzyme CYP2A6 (cytochrome P450 2A6), and/or by the presence 

of pregnancy, liver or kidney disease. There is another limitation to the use of cotinine, given 

an average half-life of 16 hours, cotinine levels indicate rather a short-term exposure to 

tobacco (that is, over the past 3–4 days) 20. The cut-off values to differentiate between smokers 

and non-smokers are: non-smokers are those individuals with cotinine values of less than 
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10ng/ml. Secondary smokers and active smokers are individuals with cotinine values of 101-

300 ng/ml and >300 ng/ml, respectively 33.  

 

2.3 The role of various components of tobacco smoke in cardiovascular disease  

Nicotine, carbon monoxide (CO) and oxidant gases are the three components of 

cigarette smoke that have been given the most attention, as possible contributors to CVD 17. 

2.3.1 Nicotine  

Nicotine exerts its cardiovascular effects via sympathetic neural stimulation 3. Nicotine 

has been shown to increase blood pressure, heart rate and cardiac output resulting in an 

increased myocardial oxygen demand. Nicotine augments heart rate both acutely (up to 10-

15 beats/min) 34 and as well as throughout the day with regular dosing (average increase 7 

beats/min) as determined on ambulatory blood pressure monitoring 3. Nicotine has been 

reported to have unpredictable effects on nitric oxide (NO) 35 which may result in endothelial 

dysfunction among tobacco users 36.  

Nicotine might decrease NO production directly through nicotinic-receptor activation of 

nitroxidergic nerves 37 or bypass receptor activation by directly connecting with biochemical 

pathways in endothelial cells. On the other hand, nicotine might decrease activity of the 

enzyme responsible for the formation of NO (NOS) indirectly through ROS production 35. 

Therefore, because nicotine can cross cell membranes, it is possible that nicotine could 

directly affect NO production through interacting with NOS and altering the redox state of 

endothelial cells 38.  

 

2.3.2 Carbon Monoxide  

Exposure to CO has been involved in the process of atherosclerosis, contributing to 

the accumulation of cholesterol in the aorta and coronary arteries 39, by considerably 

increasing endothelial membrane permeability 40. Furthermore, exposure to CO increases 

endothelial damage, resulting in detrimental effects in the presence of ischaemic heart or 

peripheral vascular disease 41. The harmful effects of CO are more reflective in the 

myocardium than peripheral tissues due to the extremely high oxygen extraction by the 

myocardium 39. Hypoxia has been shown to be the main mechanism by means of which CO 

causes heart disease 42. Inhaling cigarette smoke, either actively or passively amplifies the 

levels of carboxyhaemoglobin (COHb) in the blood, resulting in decreased supply of oxygen 
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(O2) uptake to the tissues 43. Additionally, myoglobin binds CO so that the heart muscle does 

not take up the necessary O2 preventing it from performing optimally 39. The reduction of O2 

uptake as a consequence of smoking, leads to the decrease in peak aerobic capacity and to 

a significant decrease in maximum O2 uptake (VO2max) 39. 

 

2.3.3 Oxidant Gases 

In a setting of cigarette smoking, free radicals could arise from: 

 The tar or gas phases of cigarette smoke,  

 circulating or in situ-activated macrophages and neurophils; and/or 

 endogenous sources of ROS such as uncoupled endothelial nitric oxide synthase 

(eNOS), xanthine, oxidase and the mitochondrial electron transport chain 16. 

The major mediators of endothelial dysfunction in smokers are oxidizing chemicals, as well as 

oxides of nitrogen and numerous free radicals present at high levels in cigarette smoke 17. 

 

2.4 Cigarette Smoking and Reactive Oxygen Species  

Extreme production of ROS such as superoxide and hydrogen peroxide and their 

products have been involved as the last common pathway for the development of endothelial 

dysfunction by a variety of cardiovascular risk factors. ROS may be liable for the observed 

reduction in NO biosynthesis, as well as the upregulation of eNOS 43. ROS has been shown 

to uncouple eNOS and uncoupled eNOS produces superoxide instead of NO 44. It has been 

shown that ROS is not present in either unburned tobacco leaves or in cigarette ash. The ROS 

in major cigarette brands is produced through burning of the cigarette. ROS exists in the gas 

phase of cigarette smoke or are connected to the suspended tar phase 45. Short-lived ROS, 

such as superoxide radical and nitrogen oxide (both of which immediately react to form highly 

reactive peroxynitrite) are mostly contained within the gas phase of cigarette smoke 46. In 

contrast, the tar phase contains the long-lived hydroquinones that undergo redox-cycling to 

form superoxide radicals and hydrogen peroxide via semiquinones; thus resulting in constant 

oxidative stress 47. 
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2.5 Oxidative Stress and Antioxidant Defence System 

Extracellular and intracellular antioxidant capacity has been shown to decrease as a 

result of cigarette smoke. For instance, exposure to cigarette reduces blood levels of 

antioxidants 49. In in vitro studies it has been shown that free radicals found in cigarette smoke 

diminish some plasma antioxidants 50, 51 and a number of studies found decreased antioxidant 

concentrations in smokers 52-54. Some cigarette smoke components become involved in 

oxidative stress only after they are chemically modified by metabolic processes in vivo. For 

example, benzo [a] pyrene can be metabolized to its corresponding quinine, which can 

produce ROS via a redox cycling mechanism 55, 56.  

The shift in balance between oxidant/antioxidant in support of oxidants is known as 

oxidative stress 57. This happens when the production of ROS increases and antioxidants 

decrease 58 (Figure 2.2). When oxidative stress arises, cells attempt to stabilise the oxidant 

effects and restore the redox balance by activating or silencing genes encoding defensive 

enzymes, transcription factors and structural proteins 59. The human body is armed with a 

number of antioxidants that aid to counterbalance the effect of oxidants 57. An antioxidant is a 

molecule able to slow down or prevent the oxidation of other molecules 60. Scavenging of ROS 

entails antioxidative enzymes, regularly occurring with metal ions in their active sites, directly 

contributing to redox reactions 61. 

 

Figure 2.2 | Illustration of how oxidative stress occurs 58 
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In low quantities ROS alter and polish up intracellular signalling, and their potentially 

adverse effects are prohibited by the various cellular antioxidant systems. When ROS are 

prevalent in higher quantities, if their production is extreme or if the antioxidative systems are 

inadequate, oxidative stress results 62. Lifestyle risk factors such as smoking augment the 

production of ROS, leading to a state of oxidative stress 57. In the defence of cellular elements 

against ROS, there are cellular antioxidative systems that play a vital role 62 (table 2.2): 
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Table 2.2 The major ROS molecules and their metabolism  

ROS molecule Main sources  Enzymatic 

defence system 

Product(s) 

Superoxide (O2
.–) ‘Leakage’ of electrons from 

the electron transport chain 

Activated phagocytes 

Xanthine oxidase 

Flavoenzymes 

Superoxide 

dismutase (SOD) 

H2 O2 + O2 

Hydrogen peroxide (H2 O2) From O2
.– via SOD 

NADPH-oxidase 

(neutrophils) 

Glucose oxidase 

Xanthine oxidase 

Glutathione 

peroxidase 

Catalases 

Peroxiredoxins 

(Prx) 

 

 

H2O + GSSG 

H2 O + O2 

H2 O 

 

Hydroxyl radical (.OH) From O2
.– and H2O2 via 

transition metals (Fe2+ or 

Cu2+) 

  

Nitric oxide (NO) Nitric oxide synthase  Glutathione/TrxR 

 

GSNO 
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2.6 The Effects of Cigarette Smoking and Elevated Reactive Oxygen Species 

(oxidative stress) Levels on Vascular Function 

CVD is the leading cause of death with 17 million deaths worldwide from a total of 57 

million deaths annually 63. Behavioural risk factors are accountable for 80% of all diagnoses 

of CHD and cerebrovascular disease 64. Even though unhealthy diet, physical inactivity and 

damaging use of alcohol play a role; the leading behavioural risk factor for CVD is smoking 65. 

Smokers run a 2 to 4 times increased risk of heart disease and stroke when compared with 

non-smokers 16. In a disease free state the production of ROS is low and it acts as a signalling 

molecule that regulates the contraction and relaxation of vascular smooth muscle cell (VSMC) 

and it also contributes to VSMC growth66-68. In a pathophysiological state, ROS plays a vital 

role in a number of disease states such as atherosclerosis, ischemic heart disease, 

arrhythmias, ischemia reperfusion injury, cardiomyopathy and congestive heart failure 69.  

Smoking stimulates an immunological response to vascular damage, resulting in lipid 

peroxidation, and endothelial cell dysfunction (decrease in NO generation and bioavailability) 

and foam cell proliferation in the tunica media 70, 71. Furthermore, smoking enhances platelet 

aggregation, impairing lipoprotein metabolism, resulting in a reduction of high-density 

lipoprotein (HDL) cholesterol and indices of distensibility of the vessel walls 72. Smoking 

enhances the production of ROS, resulting in a state of oxidative stress 73. Cigarette smoking 

is associated with enhanced levels of inflammatory markers 74. During the acute phase of the 

inflammatory state, there are quantifiable rises in C-reactive protein (CRP), white blood-cell 

count and fibrinogen and a reduction in serum albumin 74. (Figure 2.3). ROS are important 

signalling molecules that play a vital role in the development of inflammatory disorders. A 

heightened ROS production at the site of inflammation results in endothelial dysfunction and 

tissue injury 75. 
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Figure 2.3 | Possible pathways and mechanisms for cigarette smoking mediated 

cardiovascular dysfunction. The bold boxes and arrows represent the potential central 

mechanisms in the complex pathophysiology of cigarette smoking mediated athero-thrombotic 

disease 16  
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2.6.1 Smoking and the Vasculature  

The innermost layer of a blood vessel that is in direct contact with the blood is known 

as the endothelium 76. The function of endothelium is to sustain vessel integrity, manage 

vascular tone and the vascular inflammatory process 77. In response to enhanced blood flow 

and acetylcholine, the NOS in the cells of the endothelium utilizes L-arginine to produce NO 

in the endothelium, leading to vasodilation 77. Vasoconstriction by the endothelium is mediated 

by endothelin in response to epinephrine 76. Interruption of these regular endothelial 

physiological processes results in endothelial dysfunction, which eventually results in 

cardiovascular diseases through numerous mechanisms 3, 76. 

Cigarette smoking has been shown to cause endothelial dysfunction 78. The 

consequence of endothelial dysfunction includes a decreased production and release of NO 

79. Endothelium-derived vasodilators, especially NO, and ROS have to be in balance in order 

to modulate endothelial function, therefore an imbalance of NO and ROS  is involved in 

endothelial dysfunction through reduced NO production 73. Vascular function is reliant on the 

balance of oxidant and antioxidant mechanisms 80.  

In the microvasculature, endothelial dysfunction could have an impact on retinal 

venular calibre size. The associations of endothelial dysfunction and retinal vascular calibre 

are inconsistent 81. One study found an association between larger venular calibre with 

markers of endothelial dysfunction (e.g. soluble intercellular adhesion molecule-1) 82. In other 

studies, this association was not evident83-85. 

Blood pressure is described as the force applied by the blood against the vessel wall 

77, 86 millimeter of mercury (mmHg) is the unit used to express blood pressure 86. Increases in 

myocardial contractility, SBP, diastolic blood pressure (DBP) and heart rate are acute 

haemodynamic responses to cigarette smoking. One mechanism entails the binding of 

nicotine to nicotinic receptors in the adrenal medulla. Nicotine has been shown to enhance 

the flow of catecholamines into the bloodstream, which leads to an increase in blood pressure, 

myocardial contractility and heart rate 3, 4. This results in an in increase in myocardial work, 

which then leads to an increase in myocardial blood flow. Additionally, the sensitivity of the 

baroreflex function is decreased by acute cigarette smoking. This damage could possibly be 

linked directly to smoking-related reduced arterial distensibility and the resulting loss of stretch 

receptor responsiveness, all which adds in part to increases in blood pressure variability and 

hinders muscle nerve activity 87.  

Hypertension has been shown to be associated with oxidative stress 88. It has been 

suggested that oxidative stress plays a major role in the pathogenesis of hypertension 89, 90. 



21 
 

Oxidative stress promotes vascular smooth muscle cell proliferation and hypertrophy and 

collagen deposition, leading to thickening of the vascular media and narrowing of the vascular 

lumen. Moreover, enhanced oxidative stress may adversely affect the endothelium and 

endothelium-dependent vascular relaxation and augment vascular contractile activity. All 

these effects on the vasculature may explain how augmented oxidative stress can cause 

hypertension 88. 

It has long been acknowledged that increased blood pressure exerts intense effects 

on the retinal microcirculation. An important issue is whether retinal vascular calibre alterations 

are markers of increasing, long-term blood pressure damage or only reveal a temporary result 

of acutely raised blood pressure 81. Alterations in retinal vascular calibre, specifically retinal 

arteriolar narrowing and venular widening, are independently and significantly associated with 

an augmented risk of incident hypertension 91 and smaller CRAE and AVR precede the clinical 

stage of hypertension and predict the development of hypertension in originally normotensive 

persons 92-94. Both lower AVR and narrowed CRAE were independently correlated with past 

blood pressure levels, proposing that retinal arteriolar calibre alterations reveal persistent 

damage from long-term hypertension95-97. It has also been shown that retinal arteriolar 

narrowing might be associated with increased aortic stiffness, left ventricular hypertrophy and 

left ventricular remodelling 98, 99.   

Arterial stiffness is the phrase used to explain the decreased capability of an artery to 

expand and contract in response to pressure changes. Compliance, distensibility and PWV 

are the parameters that describe vessel stiffness 100, 101. It has been shown that compliance of 

both large and medium arteries reduces immediately after just smoking one cigarette 102 and 

causes short-term increases in arterial wall stiffness that might be damaging to the artery and 

increase the risk for plaque rupture 103. Chronic cigarette smoking has been shown to be 

associated with increased arterial stiffness 104. Arterial stiffness as measured by PWV is 

acknowledged as a significant precursor of CVD and is an independent predictor of 

cardiovascular events 104, 105. The result of cigarette smoking on the heart rate, blood pressure 

and PWV in chronic smokers suggests that cigarette smoking can have damaging effects on 

the cardiovascular system by stiffening the arteries 76, 77. Whether these relationships are 

known in a young normotensive and apparently healthy group of individuals are not known, 

yet and smoking status has only been used to quantify lifestyle risk in statistical models 106, 107. 

Evidence of a link between arterial stiffness, self-reported smoking and cotinine never has 

existed. 

The retinal vasculature permits direct non-invasive imaging of the body’s 

microcirculation 108. Since the retina and other end organs, for instance the kidney and brain 
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share comparable anatomical features and physiological properties, the retinal vessels offer 

an exceptional and easily reachable window to study the health and disease of the human 

microcirculation 109. It has been demonstrated that adverse changes in retinal 

microvasculature calibre are related to an increased risk for cardiovascular disease 110. 

Variations in retinal vascular calibre could predict a variety of cardiovascular diseases, 

regardless of traditional risk factors 109, 111. 

Wider CRVE is independently associated with an increased risk of stroke events 112 

and it has also been linked to systemic inflammation as measured by highly sensitive CRP 

(hsCRP), plasma fibrinogen and interleukin 6 (IL-6) 82. Cigarette smoking has been connected 

to a larger retinal venular calibre and to a lesser degree to wider retinal arteriolar calibre 83, 113. 

It has been hypothesised that the relationship of smoking with venular dilation could involve 

elevated CO levels and endothelium-dependent relaxation, which may possibly lead to a 

reduction in oxygen supply to the retinal tissue, consequently resulting in retinal venular 

dilatation 81. Lower AVR has been linked to aging 114, cigarette smoking 85 past and current 

blood pressure 115, 116 and cardiovascular outcome such as stroke  109. Smoking is the utmost 

significant contributor to endothelial dysfunction and microvascular disease throughout the 

body, caused partly by impairment of vascular endothelial growth factor (VEGF), with 

consequent production of ROS and decreased NO release 117. However, cigarette smoke 

induced oxidative stress has not yet been explored as a potential contributor to changes in 

CRAE and CRVE. 

 

2.6.2 Smoking, Inflammation and Reactive Oxygen Species  

Inflammation is described as part of the complex biological response that takes place 

as a result of any kind of bodily injury 118. By removing the injurious stimuli as well as initiating 

the healing process, is the organism’s way of attempting to protect itself 77. Inflammation is 

important to the body’s protection against infection 119. Environmental factors, for instance 

smoking, have been reported to change the host response to injury and hence change 

progression, severity and outcome 119. Inflammation results in increased lipids, platelets and 

CRP, which in turn cause CHD, atherosclerosis and thrombosis 77. Cigarette smoking has 

been shown to be linked to CRP, interleukin-6 and tumour necrosis factor alpha 16. ROS in 

cigarette smoke results in inflammation by upregulating ROS-sensitive transcription factors, 

and by recruiting inflammatory macrophages and neutrophils. These macrophages and 

neutrophils in turn generate extra ROS via the actions of enzymes, such as xanthine oxidase, 

NADPH oxidase and myeloperoxidase (MPO), which contribute to additional oxidative stress 

and additional recruitment of inflammatory cells (Figure 2.4) 120.  
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Oxidative stress and inflammation are associated with numerous chronic diseases as 

well as cardiovascular diseases (including hypertension), neurodegenerative diseases and 

cancer 121. There is no hesitation that chronic low-grade inflammation plays a fundamental role 

in the pathogenesis of various chronic diseases 121. Inflammatory reactions induce the 

generation of ROS and the reverse sequence of these events holds true 122. The inflammatory 

response does not only indicate atherosclerotic potential, but may accelerate the development 

of atherosclerosis 74.  

Inflammation has been rated as the main causal mechanism of both large and small 

vessel disease 123. It has been indicated that systemic inflammatory markers (e.g. CRP, white 

cell count, IL-6) are associated with larger retinal venules83-85, 124, 125. An association of larger 

venular calibre with CRP, plasma fibrinogen and IL-6 was observed in the MESA study, 

regardless of age, smoking status, lipid profile and other factors 125. 

 

 

Figure 2.4 | Mechanisms of how cigarette smoking leads to inflammation 120  

 

2.6.3 Smoking, Atherosclerosis and Reactive Oxygen Species  

Atherosclerosis is characterized as a chronic immune inflammatory disease of the 

medium and large arteries stimulated by lipids 126. Cells of the endothelium, leucocytes and 

intimal smooth muscle cells are the key players in the development of atherosclerosis 127. 

Atherosclerosis starts in childhood and develops from fatty streaks to raised lesions in 
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adolescence and young adulthood 128. As an individual progresses into middle age, raised 

lesions increase in size by constant accumulation of lipids and become vulnerable to rupture, 

an event resulting in occlusive thrombosis and ischemic injury to the brain, heart or extremity 

129. 

Cigarette smoking has been shown to influence all phases of atherosclerosis from 

endothelial dysfunction to clinical events 16. Exposure to cigarette smoke triggers numerous 

mechanisms predisposing to atherosclerosis, together with insulin resistance and 

dyslipedaemia, thrombosis, vascular inflammation, angiogenesis and abnormal vascular 

growth, in addition to loss of endothelial integrity and regenerative functions 130. 

 

Exposure to cigarette smoke results in endothelial dysfunction, and damage and death 

of ECs (endothelia cells), generating sites for deposition of lipids and inflammatory cells. 

Cigarette smoking furthermore leads to elevated platelet number and increased sensitivity of 

platelets and leukocytes for activation. Elevated inflammation and stimulation of matrix 

metalloproteinases (MMPs) results in the formation of rupture-prone ‘vulnerable plaques’. As 

the plaque ruptures, acute atherothrombosis ensues through adhesion and aggregation of 

platelets, and activation of the coagulation cascade 131. (Figure 4.5). Atherosclerosis 

represents a state of heightened oxidative stress characterized by lipid and protein deposits 

in the vascular wall 132. Atherosclerosis is the end product of oxidative modification of low 

density-lipoproteins (LDL) in the arterial wall by ROS 133. 

Retinal vessel diameters have been associated with atherosclerotic risk markers 83. 

Reduced AVR correlated with carotid artery plaque and carotid arterial stiffness, but not with 

carotid intima-media thickness (IMT)85, 134, 135. In contrast, Ikram et al., (2004) found that a 

lower AVR was associated with higher carotid IMT and greater carotid plaque score defined 

an independent association of wider venular calibre with greater carotid plaque score and 

elevated levels of aortic calcification. In the same study, there was an association of reduced 

arteriolar diameters with increased carotid IMT 83, Liao et al., (2004) described that the 

association between larger venular calibre and carotid IMT became non-significant after 

adjusting for cardiovascular risk factors 136. Smoking and oxidative stress were not considered 

in these studies. 

https://en.wikipedia.org/wiki/Metalloproteinase
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Figure 2.5 | Setting the stage for atherosclerotic plaque formation 131 

The common risk factors (such as cigarette smoking) for atherosclerosis enhance the 

generation of ROS (oxidative stress) by endothelial, vascular smooth muscle and adventitial 

cells 137. ROS are key mediators of signalling pathways that underlie vascular inflammation in 

atherogenesis, beginning from the initiation of fatty streak development, through lesion 

progression, to final plaque rupture 132. 

 

2.7 Smoking Cessation  

It has been well established that cigarette smoking enhances the production of ROS 

137 and when ROS overwhelmed the regular cellular or tissue defences, oxidative stress 

ensues, resulting in pathophysiological processes. Certainly, oxidative stress is a vital 

pathophysiological mechanism underlying a number of human diseases. In this respect, it is 

feasible that reducing the levels of ROS or preventing the oxidative damage via using 

antioxidant-based strategies could offer significant beneficial effects 57.  However, other 

strategies (such as smoking cessation) could reverse the health effects of ROS found in 

cigarette smoke. With smoking, the reversibility of health effects is affected by a number of 

factors, such as smoking exposure (the number of cigarettes per day and the period of 

smoking) and physiologic susceptibility 138. The existence of other diseases, genetic variables 

and even nutritional factors also enter into susceptibility assessment 139. Smoking cessation 
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brings benefits at any age, but there are threshold quantities of smoking that permanently 

increase the risk for some diseases. 

In a study by Johnson (2010), they found that individuals who have stopped smoking 

for one year experienced a significant improvement in endothelial function (as measured by 

flow-mediated vasodilation). Improvements in endothelial function could facilitate some of the 

reduced CVD risks observed after smoking cessation. 140. It has also been shown that 

ambulatory blood pressure decreases only one week after smoking cessation 141. Damaging 

effects of smoking on arterial stiffness are reversible, but it could take more than ten years to 

achieve levels of stiffness comparable to that of never smokers 142. In a study on Japanese 

women, they found that wider CRVE was associated with smoking, but this association 

became non-significant after ten or more years of smoking cessation, suggesting that the 

impact of smoking on retinal venular dilation is reversible following long-term smoking 

cessation 143. 

Since smoking impacts adversely on the cardiovascular system via augmenting the 

production of ROS, it results in a state of oxidative stress. It is worth looking into smoking 

cessation programmes that could inhibit the adverse effects of smoking in young, apparently 

healthy, individuals who do not yet present with major cardiovascular dysfunction.  
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2.8 Aims and Hypotheses  

2.8.1 Aims Objectives and Hypotheses  

The overall aim of this study was to explore the association of reactive oxygen species 

with markers of microvascular status and arterial stiffness in young smoking and non-smoking 

black and white South Africans. 

In normotensive black and white South African smokers and non-smokers, the objectives are: 

 To compare ROS levels between these groups. 

 To compare measures of micro- and macrovascular markers and 

 to investigate the independent associations of ROS with measures of microvascular 

status (central retinal artery equivalent [CRAE]); central retinal vein equivalent (CRVE) 

and aortic pulse wave velocity in smokers versus non-smokers. 

 

With regard to the literature and in this specific study population, the hypotheses are:  

 Smokers will have higher levels of ROS when compared with non-smokers.  

 Smokers will present with adverse micro- and macrovascular variables when 

compared with non-smokers.  

 ROS will adversely relate to micro and macrovascular markers in smokers only. 
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3.1 Student’s Contributions  

Research projects performed within the Hypertension in Africa Research Team 

(HART) are large multidisciplinary projects and involve a number of people. As part of my 

Masters training, I was involved in the data collection for the Prospective Urban and Rural 

Epidemiological Study (PURE). I took measurements for PWV. I was also involved in the 

African PRospective study on the Early Detection and Identification of Cardiovascular disease 

and Hypertension study (African-PREDICT), where I performed blood pressure 

measurements, augmentation index, conducted urine analysis, rapid tests (glucose and 

cholesterol) and determination of blood group type. I also conducted health and physical 

activity questionnaires. I also performed electrocardiogram (ECG) measurements and did data 

capturing for ECG measurements. I also helped in the lab with the centrifuging of samples and 

also with the storage of those samples in freezers. 

 

3.2 Protocol and Procedures for the Current Study 

3.2.1 Study Design  

The African PRospective study on the Early Detection and Identification of 

Cardiovascular disease and hyperTension (African-PREDICT) is a longitudinal study that 

started in 2013, and is expected to continue for 12+ years. A total of 1200 young and 

normotensive black and white participants between ages 20-30 years are included to track 

early cardiovascular deterioration and hypertension development.  

African-PREDICT consists of two phases. The first phase is the screening of all the 

individuals recruited by field workers, whereas the second phase was the research study 

including the individuals fulfilling the eligibility criteria in the screening phase. Information 

leaflets were distributed to participants a few days prior to the measurements. The procedures 

were explained to the participants in their own language (performed by skilled and experienced 

fieldworkers). Participants were given the opportunity to ask questions before signing informed 

consent. On the day of the screening, participants underwent blood pressure measurements, 

rapid tests for detecting cholesterol and glucose levels. They gave a spot urine sample, blood 

for the determination of blood type. Anthropometric measurements lasted approximately 15 

minutes and HIV pre-counselling, testing and post-counselling approximately 30 minutes.  

The exclusion criteria included individuals that were hypertensive, of Indian, Asian or 

mixed origin ethnicity, if they were not a permanent resident of Potchefstroom or surrounding 

area (i.e. intend to move to another area), had type 1 or 2 Diabetes Mellitus, elevated glucose 
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> 5.6 mmol/L and confirmed glycated haemoglobin (HbA1c) ≥ 6.5%, HIV infected, fever 

(internal ear temperature ≥ 37.5°C on the research day), known liver disease, cancer, 

tuberculosis or renal disease, microalbuminuria > 30mg/ml in spot morning urine or 

proteinuria, medication use for chronic disease i.e. antihypertensive, anti-diabetic, 

antiretroviral or anti-inflammatory medication, pregnant or lactating women, recent surgery or 

trauma (within the past three months) and had previous history of stroke, angina pectoris or 

myocardial infarction. The reason for this was to exclude any potential high risk-individuals or 

those already using chronic medication, as the healthy individuals will be the baseline of the 

African-PREDICT study in order to investigate the onset and development of cardiovascular 

disease (CVD) in this cohort.  

Participants that passed the screening were invited back for advanced measurements. 

Participants were required to fast overnight. All the procedures were explained to the 

participants in their home language. Participants were again required to sign informed consent 

forms. A registered nurse took blood samples from the brachial vein while participants were 

lying down. Participants were requested to complete General Health Questionnaires (of which 

the duration was approximately 30 minutes). A maximum of 4 participants were measured per 

day. 

In a priori power analysis, using the G*power v3.1.9.2 software, a sample size of N 

was computed as a function of the required power level. The preselected power was 80%. 

The pre-specified significance level was estimated at α=0.05. The population effect size was 

also detected at the probability of 1 - β (in this case 0.5) for arterial stiffness as the main 

outcome measure. The a priori analysis calculated that an N value per group of 64 or 

population size of 128 is sufficient to test the hypothesis of this sub-study.  

The study fulfilled all relevant requirements of International Regulations, specifically 

the Helsinki Declaration of 1975 (as revised in 2008), for the investigation of human 

participants. The Ethics Committee of North-West University (NW-00001-12-A1) 

(Potchefstroom campus) approved this sub-study.  
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3.3 Material and Methods  

A brief breakdown of this sub-study is displayed below: 

 

 

Figure 3.1 | Number of participants included in this African-PREDICT sub-study 

 

3.3.1 Anthropometric Measurements 

Qualified personnel measured the body height, body mass as well as waist and hip 

circumference of each participant in accordance with standard procedures 1. The 

circumferences were measured in triplicate using a non-flexible measuring tape (Holtain tape) 

and recorded to the nearest 0.1 cm. The median of the three waist circumference recordings 

were used in subsequent analyses. Maximum height was measured to the nearest 1.0 cm 

using SECA stadiometer (SECA stadiometer, Birmingham U.K.). Weight was measured to the 

nearest 0.1 kg using a digital scale (SECA electronic scales; Birmingham U.K.). Body mass 

index (BMI) was calculated using the standard weight (kg)/height (m2) formula, and waist to 

height ratio was calculated using waist circumference (cm)/height (cm). 

 

African PREDICT 

(Sub-study)

403 Participants 

Smokers

n=145 

Black

n=78

White 

n=67

Non-smokers

n=237

Black 

n=108

White 

n=129

Incomplete data

n=21
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3.3.2 Cardiovascular Measurements  

Validated CardioXplore devices (CardioXplore, MediTech, Hungary) were used for the 

collection of 24-hour blood pressure measurements programmed to take recordings every 30 

minutes during the day (6 am to 10pm) and every hour during the night (10 pm to 6am). 

Ambulatory blood pressure measurements were undertaken to confirm that participants are 

normotensive at the baseline of this study and also to detect masked hypertension. The 24-

hours ambulatory blood pressure monitoring is required to see how participants’ blood 

pressure fluctuated during the course of the day. The ambulatory blood pressure monitor 

(ABPM) is recognised as the best method determining blood pressure and it gives a better 

prediction of risk than office measurements 2. The ABPM was fitted to each participant at 

approximately the same time every day (late morning), using an appropriate sized cuff, which 

was fitted to the non-dominant upper arm. Only participants with >70% of valid blood pressure 

measurements, >20 day measurements and >7 night measurements were included in the final 

statistical analysis. This blood pressure method was chosen because it accurately and 

noninvasively measures blood pressure over 24 hours.  

Carotid femoral PWV (cfPWV) is the golden standard for determining arterial stiffness 

3 and it has been linked to cardiovascular morbidity and mortality. Therefore this was a good 

measure of outcome. PWV was captured using the non-invasive SphygmoCor XCEL device 

(SphygmoCor EXCEL, AtCor Medical, Australia). PWV was captured at the femoral and 

carotid arterial pulse points. The femoral artery wave form was captured via an appropriate 

size cuff placed around the thigh, and the carotid arterial waveform was captured 

simultaneously via applanation tonometry. The PWV was measured on the left side of each 

participant, while the participant was in a supine position.  

Retinal vessel calibres were determined by capturing retinal images with a Dynamic 

Vessel Analyser (Plus 12100003 with Zeiss Fundus Camera FF 450 Plus Mydriatic, Imendos, 

Jena, Germany). As far as probable the right eye was selected. Participants were not in fasting 

state at the time of the measurement, but did not eat, drink, smoke or perform exercise an 

hour prior to the measurement. Mydriasis was induced 30 minutes before the measurements 

took place. Optic disc-centred colour images were used to determine retinal vessel calibres 

using specific software. In the event that the colour image was of insufficient quality, the grey-

scale image was used. Analysis included manually registering all first-order artery or vein 

vessel-segments located within the inner zone of a measuring ring (0.5 – 1.0 optic disc 

diameters from the margin of the optic disc) using VesselMap 2 software. The software then 

determined the central retinal artery or vein equivalent (CRAE and CRVE) using the Knudtson 

variation of the Parr-Hubbard formula 4. The arterio-to-venous ratio (AVR) was also 
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automatically calculated (CRAE/CRVE). Vessel calibres were expressed in measuring units 

(MU) where 1 MU is equivalent to 1µM in the normal Gullstrand eye. 

 

3.3.3  Blood Collection and Biochemical Analyses 

Participants were required to fast for at least 8 hours prior to any measurements being 

taken. Fasted venous blood samples were collected from the brachial antecubital vein into 

serum separation tubes (SST) (cotinine, lipids, CRP and ROS) and sodium fluoride plasma 

tubes (glucose). Serum and plasma samples were prepared and stored at -80°C until further 

biochemical analyses could be performed. Serum blood glucose, C-reactive protein, serum 

creatinine, serum albumin, urinary albumin and urinary creatinine were determined later in the 

laboratory with a Cobas Integra 400plus (Roche, Basel, Switzerland). 

Serum cotinine was determined with the Chemiluminescence method with the Immulite 

(Siemans, Erlangen, Germany), this metabolite was measured in order to support self-

reported smoking data obtained from basic health questionnaires.  If cotinine values were 

indicated as <10 ng/ml, they were changed to 1 ng/ml and if values were indicated as >500 

ng/ml, they were changed to 500 ng/ml. Participants were categorised according to their 

smoking status using the serum cotinine levels. Smokers were classified as individuals who 

currently smoked (active smokers), past smokers and secondary smokers. Non-smokers were 

those individuals who had never smoked and those with cotinine values of less than 10ng/ml. 

Secondary smokers and active smokers were identified by cotinine levels between 101-300 

ng/ml and >300 ng/ml, respectively 5. Serum peroxides were determined by an advanced 

assay system created on the principle of the derivatives of reactive oxygen metabolites test, 

which is accepted as an effective technique for assessing oxidative stress in the body. This 

spectrophotometric method was performed on a Synergy H4 hybrid microplate reader 

(BioTek, Winooski, VT, USA). ROS levels are represented in Units, where 1.0 mgL-1 H2O2 

represents one unit of ROS 6. 

3.3.4 Statistical Analyses  

All statistical analyses were performed using Statistica version 12. Variables with a 

non-Gaussian distribution were logarithmically transformed and the central tendency and 

spread were represented by the geometric mean and the 5th and 95th percentile intervals. The 

associations between macro- and micro-variables with ROS were tested for interaction with 

ethnicity by introducing appropriate interaction terms by means of ANCOVA analyses. Two-

way ANOVA was performed to compare means. Chi-square tests were performed to compare 
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proportions between groups. Unadjusted and adjusted correlations were performed between 

ROS and macro- and micro-variables. Multivariable linear regression models with forward 

stepwise selection were performed with PWV, CRAE, CRVE and AVR as the main dependent 

variables. Variables included in the model were age, gender BMI, SBP, CRP, glucose and 

ROS. MAP was used in the PWV model instead of SBP. If the CRVE was the main 

independent, then CRAE was adjusted for and vice versa, as there is a likelihood of 

confounding by the other fellow component variable 7. 
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4.1 Abstract 

Objective: The role of oxidative stress in vascular remodelling is known, but less is known 

about the contribution of cigarette smoking, a modifiable lifestyle risk factor in this relationship. 

We explored the associations of oxidative stress with markers of vascular function in young, 

normotensive black and white non-smokers and smokers. 

Design and Methods: We included 237 non-smokers and 145 smokers from South Africa 

between ages 20 and 30 years. We measured femoral pulse wave velocity and retinal vessel 

calibres. Serum cotinine levels were measured to define smoking status and reactive oxygen 

species to describe oxidative stress. 

Results: Regardless of smoking status, PWV and ROS were similar between black and white 

groups, whereas CRAE and AVR was higher in white non-smokers vs black non-smokers. In 

single regression analysis, ROS correlated positively with CRVE and inversely with AVR (r=–

0.37; p=0.002) in black smokers only. After partially correcting for age, sex and body mass 

index only the association with AVR remained, and a positive correlation further emerged with 

ROS and PWV in black smokers (r=0.24; p=0.042). In black smokers, we confirmed 

independent associations of ROS with AVR (Adj. R2=0.15; β=–0.37; p=0.002) and, PWV (Adj. 

R2=0.35; β=–0.24; p=0.042). An independent association of ROS with CRAE (Adj. R2=0.18; 

β=–0.25; p=0.034) also emerged in black smokers. 

Conclusion: Our results suggest that cigarette smoking adversely modifies the relationship 

of oxidative stress with retinal microvascular calibre and arterial stiffness in young 

normotensive black individuals. 
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4.2 Introduction  

Cigarette smoking and other forms of tobacco use are major modifiable risk factors for 

cardiovascular disease (CVD) 1. Along with smoking, other modifiable risk factors such as 

unhealthy diet, sedentary behaviour and excessive alcohol intake are responsible for the 

increase in CVD and related morbidity and mortality 2. The adverse impact of smoking can be 

observed at both micro- and macrovascular levels 3, 4 and a number of factors such as 

oxidative stress may mediate this relationship 4. 

Studies indicated that excessive cigarette smoking impacts adversely on the 

cardiovascular system 5-7, contributing to the initiation and progression of CVD, and possibly 

even an earlier onset of CVD 8. Smoking was further shown to increase the amount of oxidative 

stress, not only through the production of reactive oxygen species (ROS) present in smoke, 

but also through weakening of the antioxidant defence system 9. Many pathophysiological 

changes caused by smoking can be reversed or improved by smoking cessation 1. 

Changes to retinal microvasculature (retinal vessel calibre) occur with aging 10 and 

may even precede hypertension 11. Both smoking and oxidative stress may contribute to retinal 

vessel calibre changes3, 12, but the role of oxidative stress in smokers on the microvasculature 

is not well studied.  Likewise, at a macrovascular level, smoking contributes to an acute 

increased arterial stiffness 13. These vascular actions related to smoking are normally 

observed in middle-aged population groups3, 14-16, but the mediating role of oxidative stress in 

smokers in the initiation of vascular changes in young adults has not been fully explored.  

Studies have used smoking status as a means to quantify lifestyle risk in statistical 

models 17, 18, but have failed to show a direct link between arterial stiffness, self-reported 

smoking and/or a metabolite of nicotine, namely cotinine. Furthermore, it is known that the 

metabolic rate of nicotine (catabolism) differs among ethnic groups 19, where black individuals 

have increased levels of cotinine due to the decreased production of cytochrome P450 

enzyme 19. In a South African context, reactive oxygen species have previously been linked 

to arterial stiffness in an apparently healthy South African population between the ages of 25 

and 65 years, but smoking status was not considered 20. A study by Zatu et al. (2011) reported 

increased arterial stiffness (as measured by means of carotid-radialis pulse wave velocity and 

carotid-dorsalis pedis pulse wave velocity) in black South African smokers when compared 

with non-smokers, but found no correlation between cotinine and arterial stiffness nor included 

oxidative stress as potential mediator in this relationship 21.  

Since tobacco use among young South Africans is a major concern 22, our study is 

motivated by the lack of potential underlying mechanisms in the direct link between smoking, 
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oxidative stress and cardiovascular function in young healthy individuals. We aimed at 

exploring the association of reactive oxygen species with measures of micro- and 

macrovascular function in a young black and white South African cohort stratified by smoking 

status as determined by cotinine levels. 
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4.3 Methods 

4.3.1 Study Design and Population Sample 

Cross-sectional data from the African prospective study on the early detection and 

identification of cardiovascular disease and hypertension (African-PREDICT) was used and 

included the first 403 available participants. In the current analysis, 21 participants were 

excluded due to missing data. Participants were required to undergo screening to determine 

eligibility for participation in the African-PREDICT study. This study was approved by the 

Health Research Ethics Committee of North-West University (NW-00001-12-A1) 

(Potchefstroom campus) and the study protocol conformed to the ethical guidelines of the 

Declaration of Helsinki (revised 2008) for the investigation of human participants. 

Individuals between ages 20 and 30 years, apparently healthy, black and white men 

and women, with normal clinic blood pressure (i.e. < 140/90 mmHg), no known cardiovascular 

disease, not on any anti-hypertensive medication, no chronic disease (or treatment thereof), 

HIV-negative, tuberculosis-free and not pregnant or currently breast feeding were included 

from the Potchefstroom district in the North West Province of South Africa. 

 

4.3.2 Procedure 

All participants gave written informed consent prior to any measurements performed. 

On the scheduled morning the participants arrived at the North West University’s 

(Potchefstroom campus) Hypertension Clinic at approximately 07:45 am where all procedures 

were further explained and performed. Fasting blood samples and a midstream spot urine 

sample were first collected. Body composition of each participant was collected, after which 

they were given time to complete a battery of validated questionnaires including the general 

health survey, which involved demographics, self-reported smoking and alcohol use.  

4.3.2.1 Body composition 

In a private room, weight (kg) was measured to the nearest 0.01 kg (SECA electronic 

scales; Birmingham, UK); height (cm) was measured to the nearest 1.0 cm (SECA 

stadiometer; Birmingham, UK); and waist circumference (cm) was measured in triplicate using 

a non-flexible tape measure (Holtain, UK) and recorded to the nearest 0.1 cm. The median of 

the three waist circumference recordings were used in subsequent analyses. These 

measurements were conducted by trained anthropometrists according to standard 

procedures. 
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4.3.2.2 Cardiovascular Measurements 

Validated CardioXplore devices (CardioXplore, MediTech, Hungary) were used for the 

collection of 24-hour blood pressure measurements programmed to take recordings every 30 

minutes during the day (6 am to 10 pm) and every hour during the night (10 pm to 6am). The 

ambulatory blood pressure monitoring (ABPM) device was fitted to each participant at 

approximately the same time every day (late morning), using an appropriate sized cuff. Only 

participants with >70% of valid blood pressure measurements, >20 day measurements and 

>7 night measurements were included in the final statistical analysis. Pulse wave velocity 

(PWV) was captured using the SphymoCor XCEL device (SphygmoCor EXCEL, AtCor 

Medical, Australia). PWV was captured at the femoral and carotid arterial pulse points. The 

femoral artery wave form was captured via an appropriate size cuff placed around the thigh, 

and the carotid arterial wave form was captured simultaneously via applanation tonometry. 

Retinal vessel calibres were determined by performing retinal imaging with a Dynamic 

Vessel Analyser (Plus 12100003 with Zeiss Fundus Camera FF 450 Plus Myriatic, Imendos, 

Jena, Germany). As far as probable the right eye was selected. Participants were not in fasting 

state at the time of the measurement, but did not eat, drink, smoke or perform exercise an 

hour prior to the measurement. Mydriasis was induced 30 minutes prior to the measurements 

being taken. Optic disc-centred colour images were used to determine retinal vessel calibres. 

In the event that the colour image was of insufficient quality, the grey-scale image was used. 

First-order Artery or vein vessel segments located within the inner zone of a measuring ring 

(0.5 – 1.0 optic disc diameters from the margin of the optic disc) were manually delineated 

using VesselMap 2 software. The software then determined the central retinal artery or vein 

equivalent (CRAE and CRVE) using the Knudtson variation of the Parr-Hubbard formula 23. 

The arterio-venous ratio (AVR) was also automatically calculated (CRAE/CRVE). Vessel 

calibres were expressed in measuring units (MU) where 1 MU is equivalent to 1µM in the 

normal Gullstrand eye.  

 

4.3.2.3 Biochemical Measurements  

Participants were divided into two groups: smoking and non-smoking. The smoking 

group consisted of heavy smokers, moderate smokers, light smokers and those individuals 

exposed to second-hand smoking. The cut-off points for serum cotinine were <10 ng/ml for 

non-smokers, 10-100 ng/ml for second-hand smokers or light smokers, 101-300 ng/ml for 
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moderate smokers and 300 ng/ml for heavy smokers. Serum cotinine was measured using 

Chemiluminescence method of the Immulite (Siemens, Erlangen, Germany). If cotinine values 

were indicated as <10, they were changed to 1 and If values were indicated as >500, they 

were changed to 500. Cobas Integra 400plus (Roche, Basel Switzerland) was used to 

measure serum high sensitivity C-reactive protein, low-density lipoprotein (LDL) cholesterol, 

high density lipoprotein (HDL) cholesterol, triglycerides, creatinine, and urinary albumin and 

creatinine (all with an intra and inter-assay variability of <10%). Serum reactive oxygen 

species were analysed using the Synergy H4 hybrid microplate reader (BioTek, Winooski, VT, 

USA) with an intra and inter-assay variability of 9.68% and 10.20% respectively. 

 

4.3.2.4 Statistical Analyses  

A power analysis for linear regression was calculated by using G*Power 3.1.9 to 

determine whether our cross-sectional sample size was sufficient to address the proposed 

hypothesis. Using the linear multiple regression: Fixed model, R2 deviation from zero 

procedure, we determined that a sample size of 64 is sufficient to achieve 80% power at a 

probability of α=0.05. All statistical analyses were performed using Statistica 12 (StatSoft, Inc., 

Tulsa, OK, USA, 2015). Normal distribution of the variables was tested prior to any statistical 

analyses being performed. Variables that did not fulfil these criteria were logarithmically 

transformed (reactive oxygen species, cotinine, urinary albumin creatinine ratio and C-reactive 

protein). 

We categorised participants according to their smoking status using the serum cotinine 

levels. Smokers were classified as individuals who currently smoked (active smokers), past 

smokers and secondary smokers. Non-smokers were those individuals who never smoked 

and those with cotinine values of less than 1ng/ml. Secondary smokers and active smokers 

were identified by cotinine levels between 1-30 ng/ml and >30ng/ml, respectively.  

The association of AVR and PWV pulse wave velocity with ROS was tested for 

interaction of ethnicity by introducing appropriate interaction terms by means of ANCOVA 

analyses. Two-way ANOVA was performed to compare means and Chi-square tests to 

compare proportions among groups. Pearson and partial correlations were done to explore 

the relationships of AVR, PWV with ROS. In partial correlations, the adjustments were made 

for age, gender and body mass index. PWV was additionally adjusted for mean arterial 

pressure (MAP). Independent associations were determined by performing forward stepwise 

multiple regression analysis. Variables included in the multiple regression models were age, 

gender, body mass index (BMI), systolic blood pressure (SBP), MAP, C-reactive protein 
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(CRP), total cholesterol and ROS. If the CRVE was the main independent then CRAE was 

adjusted for and vice versa 24. 
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4.4 Results  

Interaction terms were introduced for the main effects of ethnicity on the associations 

of AVR and PWV with ROS. We found an interaction of ethnicity with PWV (F(131)=6.00; 

p<0.001) in smokers only and therefore stratified the cohort according to ethnicity. 

The general characteristics of the study population are presented in table 1. The mean 

ages of black and white non-smokers were similar (p=0.14). Among smokers the mean age in 

black individuals was approximately two years younger than white individuals (p<0.001). The 

CRAE was lower in black non-smokers compared to that in white non-smokers (p<0.001), 

whereas the CRVE was comparable between groups regardless of smoking status. The AVR 

was lower in black non-smokers compared to the white non-smokers (p=0.001). Blood 

pressure was comparable between all groups. ROS and urinary albumin-to-creatinine-ratio 

(UACR) (all p<0.05) were higher in black than in white non-smokers with no difference in the 

smoking groups. CRP also did not differ between black and white non-smokers.  Glucose was 

higher in white non-smokers (p<0.0001) as well as in white smokers (p<0.0001) compared to 

their black counterparts. Total cholesterol was higher among both black and white smokers 

(p<0.0001) compared to non-smokers.  

In single regression analysis (table S1), ROS correlated inversely with AVR (p=0.002) 

and positively with CRVE (p=0.014) in black smokers only. ROS also correlated inversely with 

PWV in white non-smokers (p=0.041). In partial correlations (after adjustments for age, 

gender, BMI and additionally for MAP when assessing PWV) (table 2), the negative 

association of ROS with AVR remained in black smokers (p=0.011). A positive correlation of 

ROS with PWV emerged in black smokers (p=0.042), and a positive association between ROS 

and SBP in white smokers (p=0.027). The positive association of ROS and CRP was evident 

only in white non-smokers, black smokers and white smokers (all p<0.05). 

In multiple regression analysis (table 3) we observed an independent association of 

CRAE (adj. R2=0.18, β=–0.25; p=0.034) and AVR (adj. R2=0.15, β=–0.37; p=0.002) with ROS 

in black smokers only. PWV independently associated with ROS (adj. R2=0.35, β=0.24; 

p=0.042) in black smokers only. No association of PWV with ROS was evident in white 

smokers. No association of CRAE, CRVE, AVR or PWV with ROS was observed in non-

smokers. (table S2). 

 



56 
 

Table 4.1: General characteristics of the study population stratified by smoking status 

 Non-smokers 

(n=237) 

Smokers 

(n=145) 

 Black  

(n=108) 

White 

(n=129) 

Black  

(n=78) 

White 

(n=67) 

Age (years) 24.9 ± 3.31a 25.4 ± 2.83c 23.6 ± 3.42abc 25.6 ±2.88b 

Gender (men/women) 31/77 46/83 53/25 32/35 

Body composition      

  Body mass index (kg/m2) 25.7 ± 5.45a 25.2 ± 5.10b 22.7 ± 4.74abc 27.0 ± 6.46c 

  Body surface area (m2) 1.74 ± 0.19a 1.87 ± 0.23ac 1.69 ± 0.17bcd 1.96 ± 0.31bd 

Microvascular variables     

  Central retinal artery equivalent (MU) 156 ± 12.2ab 162 ± 12.3ac 157 ± 12.7c 161 ± 11.6b 

  Central retinal vein equivalent (MU) 245 ± 17.3 246 ± 17.5 247 ± 20.9 245 ± 13.7 

  Artery-to-vein ratio  0.64 ± 0.049ab 0.66 ± 0.049ac 0.64 ± 0.062c 0.66 ± 0.047b 

Macrovascular variables     

  Systolic blood pressure (mmHg) 117 ± 9.19  117 ± 9.59 118 ± 9.57 119 ± 8.75 
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  Diastolic blood pressure (mmHg) 70 ± 5.05  69 ± 5.53 70 ± 7.43 70 ± 6.89 

  Pulse pressure (mmHg) 47 ± 7.08 48 ± 7.66 48 ± 6.39 49 ± 6.66 

  Mean arterial pressure (mmHg) 85 ± 5.83 85 ± 6.16 85.71 ± 7.64 86.3 ± 6.88 

 Pulse wave velocity (m/s) 6.40 ± 0.89 6.19 ± 0.79 6.58 ± 0.92 6.44 ± 1.01 

Biochemical variables      

  Reactive oxygen species (mg/L H2 O2) 192 (182–204)ab 165 (152–177)a 171 (156–187) 160 (144–175)b 

  Urinary albumin-to-creatinine ratio (mg/g) 0.94 (0.45–0.63)ab 0.38 (0.34–0.45)a 0.45 (0.37–0.53) 0.37 (0.30–0.45)b 

  C-reactive protein (mg/L) 1.57 (1.25–1.97) 1.12 (0.88–1.44) 1.02 (0.74–1.39) 1.0 (0.72–1.39) 

  Cotinine (ng/ml) – – 32.1 (18.3–56.2)a 8.48 (4.39–14.8)a 

  Total Cholesterol (mmol/L) 3.88ab 3.80c 4.74a 4.69bc 

  Glucose (mmol/L) 4.09 ± 0.79abce 4.64 ± 0.97b 3.55 ± 0.82ade 4.83 ± 0.50cd 

Values are expressed as mean ± standard deviation and geometric mean (95% confidence interval). Superscript letters (a–e) depicts statistical 

significance for p≤0.05.  
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Table S1: Bivariate correlations of reactive oxygen species with cardiovascular, biochemical and body composition measures in black and 

white non-smokers and smokers 

 Reactive oxygen species (mg/L H2 O2) 

 Non-smokers 

(n=237) 

Smokers 

(n=145) 

 Black 

(n=108) 

White 

(n=129) 

Black 

(n=78) 

White 

(n=67) 

Central retinal artery equivalent (MU) r=–0.04; p=0.70 r=0.0081; p=0.93 r=–0.14; p=0.24 r=0.068; p=0.59 

Central retinal vein equivalent (MU) r=–0.08; p=0.42 r=–0.032; p=0.72 r=0.29; p=0.014 r=0.13; p=0.30 

Artery-to-vein ratio r=0.038; p=0.71 r=0.024; p=0.79 r=–0.37; p=0.002 r=–0.044; p=0.73 

Pulse wave velocity (m/s) r=–0.15; p=0.12 r=–0.18; p=0.041 r=–0.12; p=0.28 r=–0.0093; p=0.94 

Age (years) r=0.17; p=0.074 r=0.031; p=0.73 r=–0.15; p=0.19 r=–0.14; p=0.24 

Body mass index (kg/m2) r=0.23; p=0.019 r=0.20; p=0.025 r=0.39; p<0.0001 r=0.0048; p=0.97 

Systolic blood pressure (mmHg) r=–0.19; p=0.053 r=–0.12; p=0.16 r=0.023; p=0.84 r=0.14; p=0.27 

C-reactive protein (mg/L) r=0.31; p=0.001 r=0.52; p<0.0001 r=0.50; p<0.0001 r=0.55; p<0.0001 
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Table 4.2: Adjusted correlations of reactive oxygen species with cardiovascular and biochemical measures in black and white non-smokers and 

smokers 

 Reactive oxygen species (mg/L H2 O2) 

 Non-smokers 

(n=237) 

Smokers 

(n=145) 

 Black  

(n=108) 

White 

(n=129) 

Black  

(n=78) 

White 

(n=67) 

Central retinal artery equivalent (MU) r=–0.0084; 

p=0.93 

r=0.051; p=0.53 r=–0.10; p=0.50 r=–0.028; p=0.89 

Central retinal vein equivalent (MU) r=0.047; p=0.62 r=0.052; p=0.52  r=0.17; p=0.26 r=0.12; p=0.56 

Artery-to-vein ratio r=0.12; p=0.26 r=0.003; p=0.98 r=–0.31; p=0.011 r=–0.10; p=0.43 

Pulse wave velocity (m/s) r=–0.006; p=0.95 r=–0.032; p=0.73 r=0.24; p=0.042 r=0.074; p=0.57 

Systolic blood pressure (mmHg) r=–0.003; p=0.97 r=0.007; p=0.94 r=0.18; p=0.12 r=0.28; p=0.027 

C-reactive protein (mg/L) r=0.14; p=0.16 r=0.45; p<0.0001 r=0.37; p=0.001 r=0.58; p<0.0001 

Adjustments were applied for age, gender and body mass index. Pulse wave velocity was additionally adjusted for mean arterial pressure   
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Table 4.3: Forward stepwise multiple regression analyses of cardiovascular measures with reactive oxygen species in black and white smokers 

 Black 

(n=78) 

White 

(n=67) 

 Central retinal artery equivalent (MU) 

 Adjusted R2=0.18  Adjusted R2=0.25  

 Standardized beta (95% CI) p-value  Standardized beta (95% CI) p-value  

Reactive oxygen species (mg/L H202) –0.25 (–17.92 to –17.48) 0.034 – – 

Central retinal vein equivalent (MU) 0.38 (–0.01 to 0.47) 0.002 0.48 (0.19 to 0.63) <0.0001 

C-reactive protein (mg/L) 0.18 (0.77 to 3.0) 0.24 – – 

Age (years) – – –0.11 (–0.68 to –0.24) 0.30 

Systolic blood pressure (mmHg) –0.22 (–0.51 to –0.07) 0.055 –0.35 (–0.68 to –0.24) 0.003 

 Central retinal vein equivalent (MU) 

 Adjusted R2=0.21  Adjusted R2=0.25  

Reactive oxygen species (mg/L H202) 0.21 (24.5 to 25.0) 0.12 – – 

Central retinal artery equivalent (MU) 0.33 (0.32 to 0.76) 0.005 0.46 (0.33 to 0.77) 0.0001 

C-reactive protein (mg/L) 0.22 (7.25 to 7.75) 0.11 – – 

Systolic blood pressure (mmHg) – – 0.23 (0.1 to 0.64) 0.092 
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Gender  – – 0.15 (3.94 to 4.44) 0.25 

Age (years) –0.13 (–1.03 to –0.55) 0.27   

 Artery-to-vein ratio 

 Adjusted R2=0.15  Adjusted R2=0.15  

Reactive oxygen species (mg/L H2O2) –0.37 (–0.35 to 0.09) 0.002 – – 

Systolic blood pressure (mmHg) –0.12 (–0.22 to 0.22) 0.30 –0.42 (–0.24 to 0.24) 0.0006 

Age (years) – – –0.14 (–0.24 to 0.24) 0.24 

 Pulse wave velocity (m/s) 

 Adjusted R2=0.35  Adjusted R2=0.12  

Reactive oxygen species (mg/L H2O2) 0.24 (0.014 to 0.47) 0.042 – – 

Age (years) 0.36 (0.161 to 0.55) 0.0007 0.23 (–0.16 to 0.32) 0.054 

Gender  0.34 (0.097 to 0.59) 0.008 0.35 (0.46 to 0.94) 0.005 

Body mass index (kg/m2) –0.36 (–0.593 to –0.13) 0.003 – – 

Mean arterial pressure (mmHg) 0.13 (–0.08 to 0.34) 0.23 – – 

Abbreviations: CI- confidence interval. Variables included in the model were age, gender BMI, SBP, CRP, total cholesterol and ROS. MAP was 

used in the PWV model instead of SBP. If the CRVE was the main independent, then CRAE was adjusted for and vice versa. 

Variables that did not enter the model are indicated with “–”or omitted if applicable for both groups.  
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Table S2: Forward stepwise multiple regression analyses of cardiovascular measures with reactive oxygen species in black and white non-

smokers 

 Black 

(n=108) 

White 

(n=129) 

 Central retinal artery equivalent (MU) 

 Adjusted R2=0.30  Adjusted R2=0.30  

 Standardized beta (95% 

CI) 

p-value Standardized beta (95% 

CI) 

p-value 

Reactive oxygen species (mg/L H2O2) – – – – 

Central retinal vein equivalent (MU) 0.39 (0.1 to 0.44) <0.0001 0.49 (0.19 to 0.51) <0.0001 

Systolic blood pressure (mmHg) –0.22 (–0.51 to –0.074) 0.055 –0.40 (–0.73 to –0.29) <0.001 

Gender  0.20 (5.0 to 5.5) 0.09 0.15 (3.73 to 4.07) 0.11 

Body mass index (kg/m2) –0.20 (–0.67 to –0.23) 0.08 0.12 (0.11 to 0.47) 0.19 

C-reactive protein (mg/L) 0.16 (3.4 to 3.8) 0.13 – – 

 Central retinal vein equivalent (MU) 

 Adjusted R2=0.23  Adjusted R2=0.26  

Reactive oxygen species (mg/L H2O2) –0.11 (–12.86 to –12.48) 0.27 – – 

Central retinal artery equivalent (MU) 0.42 (0.27 to 0.57) <0.0001 0.52 (0.37 to 0.65) <0.0001 

C-reactive protein (mg/L) 0.12 (3.85 to 4.21) 0.19 0.13 (3.6 to 3.9) 0.14 
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Systolic blood pressure (mmHg) –0.13 (–0.42 to –0.051) 0.19 0.21 (0.19 to 0.57) 0.033 

Age (years) –0.11 (–0.77 to –0.41) 0.22 0.11 (0.54 to 0.86) 0.16 

Body mass index (kg/m2) – – –0.19 (–0.90 to –0.46) 0.063 

 Artery-to-vein ratio 

 Adjusted R2=0.022  Adjusted R2=0.066  

Reactive oxygen species (mg/L H2O2) – – – – 

Gender  – – 0.12 (–0.11 to 0.33) 0.30 

Body mass index (kg/m2) –0.18 (–0.37 to 0.02) 0.081 0.21 (–0.014 to 0.44) 0.068 

Systolic blood pressure (mmHg) – – –0.42 (–0.68 to –0.17) 0.001 

C-reactive protein (mg/L) – – –0.11 (–0.32 to 0.075) 0.27 

 Pulse wave velocity (m/s) 

 Adjusted R2=0.23  Adjusted R2=0.33  

Reactive oxygen species (mg/L H2O2) – – – – 

Age (years) 0.22 (0.044 to 0.40) 0.016 0.13 (–0.014 to 0.28) 0.079 

Gender  0.14 (–0.077 to 0.35) 0.21 0.24 (0.085 to 0.40) 0.003 

Body mass index (kg/m2) –0.24 (–0.47 to –0.032) 0.035 –0.20 (–0.365 to –0.035) 0.019 
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Mean arterial pressure (mmHg) 0.25 (0.15 to 0.35) 0.016 0.49 (0.314 to 0.66) <0.0001 

C-reactive protein (mg/L) –0.14 (–0.342 to 0.062) 0.18 – – 

Abbreviations: CI – confidence interval. Variables included in the models were age, gender BMI, SBP, CRP, total cholesterol and ROS. MAP 

was used in the PWV model instead of SBP. If the CRVE was the main independent then CRAE was adjusted for and vice versa.   

Variables that did not enter the model are indicated with “–”or omitted if applicable for both groups.  



65 

4.5 Discussion  

We demonstrated independent and adverse associations of CRAE, AVR and PWV 

with ROS in black smokers. These associations were absent in black non-smokers and the 

white groups. Our study, which focused on a young population that showed no advanced 

cardiovascular dysfunction, however, highlights the potential of early vascular changes 

mediated by oxidative stress especially among black smokers. 

Nicotine (the addictive component in cigarette smoke) has been linked to various 

harmful cardiovascular effects including acute increases in blood pressure, heart rate, cardiac 

output 25, 26, myocardial contractility 27, vasoconstriction 26, 28, chronic lipolysis 29 and endothelial 

cell injury or toxicity 30. Cotinine is used as a marker of nicotine exposure, both in smokers and 

non-smokers, as it is one of the main metabolites of nicotine with a longer half-life than its 

precursor 31. Our study described higher cotinine levels in black smokers, indicating the 

possibility of higher frequency tobacco use or potentially a slower clearance rate of cotinine 19 

as described by the slower oxidative metabolism of nicotine to cotinine, via cytochrome P450 

in black populations 32. Slower nicotine metabolism indicates that levels of nicotine in the body 

stay higher for a longer period of time, permitting a longer timeframe for nicotine to interact 

with nicotinic receptors throughout the body 33. 

A number of studies investigated the influence of cigarette smoking on cardiovascular 

function but these studies did not include microvascular parameters (alterations which may 

reflect early vascular changes 12) or consider the potential contribution of oxidative stress in 

smokers in relation to micro- and macrovascular function 21, 34, 35. Measures of retinal artery 

and vein calibres have been shown to associate with systemic cardiovascular risk factors or 

diseases such as hypertension, diabetes, stroke and coronary heart disease (CHD)36-40. Both 

CRAE and CRVE have been shown to be wider among current and past smokers and this 

effect was greater in venules 3, 41, this could be due to reduced oxyhemoglobin and tissue 

hypoxia, nicotine-induced alterations in vessel auto-regulation and secondary polycythemia 

42. In contrast, both CRAE and CRVE did not differ between smokers and non-smokers in the 

present study. This could be because our study population was young and have not yet shown 

progressive cardiovascular dysfunction and duration of smoking may also not have been long 

enough. We also did not report on pack years which may have given more insight to the 

results. Despite this reason, our study demonstrates a potential mechanism by which smoking 

may contribute to altered retinal vessel calibres. The negative independent association of 

CRAE with ROS in black smokers, may aid in the speculation that black smokers are at a 

higher risk for CVD.  A smaller CRAE has been shown to be associated with increased risk of 

hypertension 43 and increased ROS levels may also contribute to hypertension in the black 
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population 20. Indeed, the black South African population were shown to be more at risk for 

developing hypertension 44, 45. The negative association between CRAE and ROS in black 

smokers suggests that smoking may contribute to the risk of hypertension in the black 

population via an oxidative stress related mechanism at the level of the microvasculature. 

ROS also associated positively with PWV in black smokers only. This positive 

association is in line with the available literature, but adds information on this link in young 

healthy smokers from South Africa. Both acute and chronic smoking was shown to induce 

oxidative stress, altering vascular tone and increasing arterial stiffness 4. However, in our study 

this was evident only in black smokers. A number of studies demonstrated an acute increase 

in arterial stiffness after the use of tobacco products as measured by augmentation index, 

carotid-femoral pulse wave velocity, brachial-radial pulse wave velocity or carotid-radial pulse 

wave velocity 13, 46, 47. Free radicals found in components of cigarette smoke reduce the nitric 

oxide generation or bioavailability 48 due to increased arterial ROS production – an important 

functional component of arterial stiffness 49. Despite the levels of ROS not being elevated, our 

result therefore describes oxidative stress to be a possible link between tobacco use and 

increased arterial stiffness, especially among the young normotensive black population.  

The above associations were only observed in the black smokers. In a study by 

Feairheller et al., (2011) showed that black individuals have increased oxidative stress 

compared to their white counterparts. In this study the ROS levels do not differ between blacks 

and whites. This could indicate that ethnic differences might be playing a role, which also was 

partially supported by the interaction of ethnicity as previously described. Further to this 

Feairheller et al., (2011) showed that the black race is an independent risk factor for enhanced 

oxidative stress and inflammation 50.  

Cigarette smoke induces oxidative stress by activating the endothelium through the 

induction of adhesion molecule expression as well as macrophages and platelets 35. Platelet 

activation is one of the major factors by which cigarette smoke mediates the pathogenesis of 

cardiovascular diseases, which is related to endothelial dysfunction 2, 51, 52. Smoking-related 

endothelium dysfunction results in the reduction of nitric oxide release which normally inhibits 

platelet activation 52. This reduction of nitric oxide levels within the cells result in the loss of 

function of smooth muscle cells in the blood vessel media 35. Cigarette smoking is associated 

with evidence of chronic inflammation 53. In response to cigarette smoke exposure, endothelial 

cells release inflammatory and proatherogenic cytokines 35. An increase in smoking-induced 

oxidative stress (ROS), decreases the production of NO and increases platelet function. All of 

the above increase vascular tone; thus leading to the increase of arterial stiffness 4. Elevated 

stiffness and pulse pressure may stimulate hypertrophy, remodeling or rarefaction in the 
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microcirculation 54. Since the major pathophysiology processes in most patients develop long 

before cardiovascular disease is detected, simple investigations able to identify the early 

vascular remodeling process leading to disease would be of significant value for timely 

intervention and prevention 12. 

This was a well-designed and controlled study which included the use of the golden 

standard carotid-femoral PWV for the determination of arterial stiffness 55 along with well-

validated methods for quantifying cotinine. This was also the first study to our knowledge 

describing oxidative stress as mediator of both microvascular and large artery compromise in 

black smoking individuals. The limitations of this study should also be noted. This was a cross-

sectional analysis, limiting our ability to judge the temporal sequence of the associations 

reported. The types of tobacco products used or their cotinine concentration was not taken 

into consideration and this might have influenced the serum cotinine concentration. Since we 

only described reactive oxygen species as measure of oxidative stress, more studies are 

encouraged to investigate whether anti-oxidant capacity or other pathways of oxidative stress 

are more involved in smoking-induced cardiovascular compromise. 

In conclusion, we demonstrated independent adverse associations of oxidative stress 

(ROS) with micro- and macrovascular measures in a young and apparently healthy black 

cohort of smokers. Our results suggest that cigarette smoking modifies the relationship 

between ROS and vascular function and may contribute to a potential acceleration of 

increasing cardiovascular morbidities, especially in a population subjected to the burden of 

early onset vascular remodeling. 
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5.1 Introduction 

In this concluding chapter, a summary of the key findings from the research article are 

detailed. The results from the article are also debated, interpreted, explained and matched to 

relevant literature. The hypotheses will be accepted or rejected. Conclusions are drawn and 

recommendations are made to researchers investigating the associations of ROS with 

vascular function in smokers and non-smokers from a South African population. 

  

5.2 Summary of Main Finding and Reflection of Initial Hypotheses  

An independent correlation of CRAE, AVR and PWV with ROS was observed in black 

smokers only. These associations were not evident in black non-smokers and white smokers 

and non-smokers. 

Hypothesis 1: Smokers will have higher levels of ROS when compared with non-smokers. 

This hypothesis is rejected as we found ROS levels to be similar between smokers 

and non-smokers. In a study by Tavilani et al. (2012) they found that smokers (67 years of 

age) had increased oxidative stress when compared with non-smokers. They showed that 

SOD activity is expressively lower in smokers. This decrease in activity was explained as being 

the response to augmented ROS generation which, with severe or chronic exposure to oxidant 

conditions, may be insufficient to get rid of high ROS levels 1. 

Comparable ROS levels noted in our smoking and non-smoking groups could be due 

to the fact that these study subjects are still young (20-30 years of age), our ROS test only 

measures one form of ROS, it is possible that other measures of oxidative stress not measured 

in this study may be higher. Oxidative stress has been reported to increase in elderly subjects 

2 and with pathophysiological onsets of CVD. Duration of smoking could also have an impact 

on ROS accumulation. We have not reported on pack years, which might have explained the 

groups’ smoking habits and whether the ROS levels are indeed similar due to similar amounts 

of cigarette-smoking exposure and duration. 

Hypothesis 2: Smokers will present with adverse micro- and macrovascular parameters when 

compared with non-smokers.  

CRVE was comparable between groups regardless of smoking status. However, AVR 

was lower in black non-smokers compared to white non-smokers. CRAE was lower in black 

non-smokers compared to white non-smokers and these values were comparable between 
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smokers. Macrovascular parameters (including PWV) were comparable between groups 

regardless of smoking status. This hypothesis is therefore rejected. 

Kifley et al., (2007) showed that past and current smokers have wider CRVE and that 

current smokers have wider CRAE. They found no major difference in AVR between smoking 

subgroups. Retinal venular dilation could reveal accumulative lifetime exposure to risk factors 

such as smoking 3. 

In this current study blood pressure was comparable between groups. The occurrence 

of high blood pressure is increased in individuals who smoke 15 or more cigarettes a day 4 

and Groppeli et al., (1992) found that in chronic smokers there is a persistent increase in blood 

pressure and also an increase in blood pressure variability 5. PWV did not differ between 

smokers and non-smokers. Mahmud et al. (2003) showed that cigarette smoking increases 

AIx (augmentation index) and PWV, indicating an increase in arterial stiffness 6. However, in 

our study the participants are young and do not present with adversely high PWV. 

Hypothesis 3: ROS will adversely relate to micro- and macrovascular markers in smokers 

only. 

This hypothesis is partially accepted because ROS correlated negatively with AVR, 

CRAE and positively with PWV in black smokers only. Oxidative stress is believed to have a 

part in the development of vascular dysfunction 7 and may have a central role to the 

atherogenic process 7, 8. ROS such as superoxide anion have been shown to be elevated in 

hypercholesterolemia, hypertension and cigarette use 9, 10. Acute and prolonged smoking has 

been presented to cause oxidative stress, modifying vascular tone and elevating arterial 

stiffness 11.  

 

5.3 Discussion of Main Findings  

Oxidative stress has been shown to be involved in the pathogenesis of numerous 

CVDs such as hypercholesterolemia, atherosclerosis, diabetes, hypertension and heart failure 

12. Seeing that there are independent associations of CRAE, AVR and PWV with ROS in black 

smokers only, the concern is whether the black smokers from our study are at risk for future 

cardiovascular events.  

Though it is challenging to infer the results to the general black population of South Africa, the 

findings of this study offer an initial point for larger-scale prospective studies with a study 

population involving randomly selected participants in order to limit or address the early 

development of CVD in this population. The negative association between ROS and CRAE 
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observed in black smokers possibly point to early vascular modifications that may already be 

present at a fairly young age. This stresses the significance of smoking cessation in the 

interest of lowering oxidative stress and possibly reduce early microvascular changes in this 

population group. Smaller CRAE is a cardiovascular risk factor 13. Black non-smokers already 

have smaller CRAE than white non-smokers. In the black smokers there is a negative 

association between ROS and CRAE, which if the non-smoking black individuals already have 

smaller CRAE, could suggest risk in the black population as a whole.  

Oxidative stress is thought to be involved in the development of vascular dysfunction. 

Arterial stiffness is one of the most significant manifestations of aging and vascular diseases14, 

15. Black smokers in this study population show an association between PWV and ROS and 

they might have an increased chance of developing arterial stiffness and ROS might be the 

driving force behind this development. This population has both micro- and macrovascular 

dysfunctions (at a relatively young age), which may result in early onset of various 

cardiovascular diseases.  

 

5.4 Chance and Confounding  

It is important to report on potential determinants that might have affected the results 

of this study. With regard to the methodology, this was a cross-sectional study; hence one 

cannot deduce causality. The results acquired stemmed from a specific target population and 

do not necessarily mirror the status of the entire black and white populations of South Africa. 

The number of participants included in this study provided satisfactory statistical power. 

Furthermore, the number of black (n=78) and white (n=67) smokers in this study 

population was moderately small, yet associations acquired were independent of significant 

covariates and confounders and power calculations indicated that a sample group of 64 is 

sufficient for analysis of our posed hypotheses. The types of tobacco products used by the 

participants and their cotinine concentration was not taken into account and this might have 

had an impact on the serum concentration of cotinine. We also did not take into consideration 

racial differences in the metabolism of nicotine and cotinine, although the interaction of race 

did highlight this difference between groups. In this study only peroxides were used as a 

measure of ROS.  

 

5.5 Conclusions  

ROS is negatively associated with CRAE, AVR and positively associated with PWV in 

a relatively young black smoking population, but not in a white smoking population. This 
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suggests that some of the vascular changes occurring in the black population later may in part 

be mediated by ROS found in cigarette smoke and other cardiovascular risk factors. 

Furthermore, the inverse association observed between ROS, CRAE and AVR and the 

positive association between ROS and PWV in black smokers might indicate that these 

individuals are at risk for developing arterial stiffness prematurely and potential future 

cardiovascular risk. It is therefore vital to highlight the importance of smoking cessation in this 

population and by so doing eliminate or limit the increased tendency of cardiovascular 

morbidity and mortality in blacks.  

 

5.6 Recommendations 

The following recommendations are intended for future studies which may focus on the topic 

of smoking, oxidative stress and cardiovascular disease in humans:  

 It would be of interest to quantify the enzymes involved in nicotine metabolism along 

with the entire redox signalling system to describe the underlying mechanisms and 

phenotypes for black versus white individuals.   

 Larger cohort population studies, longitudinal studies and prospective experimental 

intervention studies are required to define the cause of this cardiovascular burden.  

 

The recommendations that follow are proposed to mend cardiovascular health of the South 

African population, especially black individuals: 

 Smoking cessation programs should be encouraged where the central role of 

government is essential. Research indicates that the finest way for people to stop 

smoking is through evidence-based smoking cessation technologies and programmes. 

Such services include, but are not limited to, prescription drugs, insurance 

programmes, nicotine over-the-counter products, and quit lines. Smokers who take 

part in cessation programmes are more probable to successfully quit smoking 

(described as abstinence for six months or more) than those who try to quit on their 

own. 

 A number of factors (whether inherent, modifiable or genetic) contribute to adverse 

cardiovascular function and even though human physiology is intricate and 

intersected, it is recommended that early interventions be employed to address the 

early onset of cardiovascular diseases in the black population. 
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