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PREFACE 

This thesis is presented in the article format as approved, supported and defined by the North-West 

University guidelines for postgraduate PhD-level studies. The first chapter includes an introduction, 

motivation and literature overview of the applicable topics investigated in the separate research articles, 

followed by the overall aims and hypotheses. The SABPA study protocol, methods of data collection and 

analyses that were performed is discussed in detail in Chapter 2. Chapter 3, 4 and 5 contain the individual 

manuscripts in the form of original research articles submitted to peer-reviewed journals. The supervisor 

and co-supervisors were included as co-authors in each manuscript. The first author was responsible for 

the initiation and all parts of this thesis, including literature searches, statistical analyses and the 

interpretation of results, as well as writing the research articles. All co-authors have given their consent 

for the research articles to be submitted for publication and for inclusion in this thesis. The final chapter 

(Chapter 6) provides a summary of the main findings and includes the critical discussions of all the 

presented results, conclusions drawn and applicable recommendations made from the manuscripts.  

 

This thesis consists of peer-reviewed published or submitted articles. The first article was published in the 

Journal of Amino Acids, the second article was published in Hypertension Research and the third and 

final paper submitted to the Journal of Hypertension. References are listed at the end of Chapter 1, 2 and 

6 according to the Vancouver referencing style. The references of the respective research articles (Chapter 

3, 4 and 5) are listed according to the instructions for authors as specified by the applicable journal. 
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SUMMARY  

Motivation   

The black population in South Africa has a high prevalence of hypertension and atherosclerosis. 

Endothelin-1 (ET-1), a potent vasoconstrictor peptide, has been implicated as an important biomarker in 

the development of vascular dysfunction and cardiovascular disease, including arteriosclerosis, 

atherosclerosis and hypertension. Resting ET-1 levels are higher in black Americans than in whites, and 

higher in men than in women under normal physiological conditions. Under pathophysiological 

conditions, the biosynthesis of ET-1 is stimulated by cardiovascular risk factors such as elevated levels of 

oxidised low-density lipoprotein cholesterol, hypertension and aging. Prolonged exposure to 

cardiovascular risk factors seems to disrupt the balance between vasodilation and vasoconstriction, 

leading to conditions such as increased blood pressure, increased inflammation, arterial stiffness, 

oxidative stress and vascular remodeling. In this regard it is important to determine the potential impact of 

ET-1 levels on the cardiovascular system over time, especially in the black population of South Africa. 

This study included markers of cardiovascular function (systolic blood pressure, pulse pressure and mean 

arterial pressure), inflammation (interleukin-6 and C-reactive protein), oxidative stress (reactive oxygen 

species (ROS)), anti-oxidant capacity (total glutathione (GSH), glutathione reductase (GR), glutathione 

peroxidase (GPx), and glutathione reductase-to-glutathione peroxidase ratio (GR-to-GPx ratio)), and 

vascular remodeling (carotid intima media thickness (CIMT), carotid cross-sectional wall area (CSWA), 

and arterial compliance) to address the vascular changes that augment vascular damage. The study was 

motivated by the awareness of limited data in this regard, especially in South Africans.  

 

Aim 

The general aim of this study is to explore the possible associations of ET-1 levels with cardiometabolic 

and vascular function. Furthermore, to determine whether ET-1 levels differ among sex and race and if 

there is an association between ET-1 levels with markers of cardiovascular function, inflammation, 

oxidative stress, anti-oxidant capacity, and vascular remodeling in black and white South Africans. 
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Methodology 

This study was embedded in the Sympathetic Activity and Ambulatory Blood Pressure in Africans 

(SABPA) study. The study was a prospective cohort study that included 409 black and white 

schoolteachers working in the Kenneth Kuanda Education District of the North West Province at baseline 

(2008/09). At follow-up (2011/12) the cohort totalled 359 participants. The total group was stratified by 

race and sex and in the third manuscript by an increase or a decrease in ET levels after three years. 

Cardiovascular measurements were performed and ET-1, interleukin-6, C-reactive protein, ROS, GSH, 

GPx, and GR levels were determined. T-tests were done to compare means between groups. Chi-square 

and crosstabs were used to compare proportions between baseline values or baseline and follow-up 

values, respectively. Pearson and partial correlations were performed to investigate the associations 

between various variables with adjustments for age, body mass index, C-reactive protein, total energy 

expenditure, anti-hypertension medication, gamma glutamyl transferase, race and sex in the relevant 

manuscripts. Multiple regression analyses were performed to investigate associations of ET-1 with 

cardiovascular and biochemical markers according to the specific focus of each research manuscript.  

 

Results and conclusions of each manuscript 

The objectives of the first manuscript (Chapter 3) were to compare ET-1 levels among sex and race and to 

explore the association of ET-1 with cardiovascular function and inflammation. The black men and white 

women had significantly higher ET-1 levels when compared to their counterparts after adjusting for C-

reactive protein (p<0.001). Furthermore, partial and multivariate regression analyses showed an 

independent association of ET-1 with interleukin-6, systolic blood pressure and pulse pressure in black 

women only (p<0.01). These associations suggest that ET-1 and its link with subclinical arteriosclerosis 

are potentially driven by low-grade inflammation in the black female cohort.  

 

The second manuscript (Chapter 4) investigated the associations of ET-1 with markers of oxidative stress 

and anti-oxidant capacity in black and white South Africans. Multiple regression analyses showed that 

ET-1 associated positively with GR activity (ɓ=0.232; p=0.020) and tended to associate with GR-to-GPx 

ratio (ɓ=0.190; p=0.057) in black men, while there was an inverse association between ET-1 and GSH 

(ɓ=ï0.214; p=0.026) in black women. There was a positive association with ROS (ɓ=0.260; p=0.010) and 
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negative association with GPx activity (ɓ=ï0.233; p=0.020) in white men. The results suggest that ET-1 

may contribute to GR up-regulation through increased ROS production in black men, while higher GSH 

levels may act as a counter-regulatory mechanism to protect against oxidative vascular damage attributed 

to ET-1 in black women. In white men, the negative association observed between ET-1 and GPx and 

positive association with ROS may describe the expected physiological relationship between ET-1 and 

ROS.  

 

The third manuscript (Chapter 5) investigated the association of change in ET-1 levels and the change of 

markers implicated in vascular remodeling after three years in a black and white South African 

population. Multiple regression analysis, after splitting for race, indicated that the increase in ET-1 levels 

associated positively with the change in pulse pressure (ɓ=0.278; p=0.036), while a borderline association 

exist between the extent of decrease in ET-1 levels and a lesser change in CSWA (ɓ=ï0.201; p=0.054) in 

the black population only. Anti-hypertension medication also played an important role in this study. After 

excluding patients using anti-hypertension medication the borderline inverse association between the 

decrease in ET-1 levels and a change in CSWA disappeared in the black participant, but became 

significant in the white participants (ɓ=ï0.127; p=0.046). The results suggest that in the black participants 

with increased ET-1 levels after three years, the positive association between ET-1 levels and pulse 

pressure suggest subclinical haemodynamic changes with potential premature onset of cardiovascular 

disease, while anti-hypertension treatment and statin usage seem to slow down adverse vascular 

remodeling caused by elevated ET-1 levels in the white population only.   

 

General conclusion 

Our study is the first to indicate a link between a marker of vascular function (ET-1) and inflammation, 

oxidative stress, anti-oxidant capacity and vascular remodeling in a bi-ethnic South African population. 

Our results persistently found that ET-1 contributed to a higher risk of early vascular deterioration 

(arteriosclerosis) and future comorbidities, potentially driven by low-grade inflammation (black women), 

ROS production (black men), decreased anti-oxidant capacity (black men) and vascular remodeling in the 

black population, whereas a decrease in ET-1 slow down adverse vascular remodeling in the white 

population. 
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CHAPTER 1 

LITERATURE REVIEW
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1.1. Introduction 

The cardiovascular health status of the African population is poor, with elevated blood pressure 

frequently reported in this population.
1,2

 Vascular endothelial cell function is critical in maintaining 

cardiovascular health.
3
 The inner linings of blood vessels are composed of the vascular endothelium, a 

vital autocrine/paracrine organ responsible for regulating vascular tone, vascular function and cell 

proliferation.
4
 Dysfunction of the vascular endothelium causes a reduction in endothelial derived relaxing 

factors such as nitric oxide (NO)
5,6

 and prostacyclin
6,7

 and increased production of contracting factors 

such as endothelin
8,9

 and angiotensin II.
9,10

 These changes in vasoconstrictor and vasodilator substances 

leads to conditions such as increased blood pressure, arterial stiffness and oxidative stress.
11-16

 

 

Endothelial dysfunction promotes both early and late mechanisms for the development of atherosclerosis 

and hypertension, including the disruption of the vasomotor tone of the endothelium.
12,17

 Endothelin-1 

(ET-1) is the most potent vasoconstrictor of the contracting factors and levels of ET-1 seem to be higher 

in the black than white population.
18-20

 The black population is also at higher risk for the development of 

early vascular changes associated with the development of hypertension and atherosclerosis.
21-26

 

Increased ET-1 production can cause endothelial dysfunction,
27,28

 inflammation,
6,29

 oxidative stress
30-32

 

and vascular remodeling,
27,33-35

 thereby contributing to these early vascular changes and consequently 

increasing the black populationôs susceptibility to cardiovascular disease. This chapter provides a brief 

literature review to provide the necessary background of the peptide ET-1 and its relationship with 

vascular function.  

 

1.2. Endothelins 

Endothelins are a family of three distinct 21-residue peptides named ET-1, ET-2 and ET-3.
8,18

 ET-1 was 

identified in 1988 by Yanagisawa and colleagues
8
 and showed a vasoconstricting effect on animal 

coronary, basilar, mesenteric, femoral and renal arteries, as well as the mesenteric and pulmonary artery 

branches of humans, acting directly on the smooth muscle cells of these arteries. The other two peptides, 

ET-2 and ET-3, differ from ET-1 by 2 and 6 amino-acids.
6
 ET-2 is expressed in the ovaries and by 

intestinal epithelial cells and maintains ovulation and intestinal epithelial cell homeostasis.
36

 ET-3 is 
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found in endothelial cells and shows a potent depressor response by releasing NO,
37

 inducing 

phosphoinositide breakdown and inducing an increase in intracellular calcium ions in endothelial cells.
38

 

Beyond the functions of ET-2 and ET-3, ET-1 is primarily responsible for changes that occur in the 

vasculature; therefore the literature study of this thesis focuses on ET-1 only. 

 

1.2.1. The ET-1 system 

1.2.1.1. Production of ET-1 

Under normal physiological conditions, ET-1 is produced mainly by vascular endothelial cells.
16,39,40

 

However, under pathophysiological conditions, ET-1 can also be produced by vascular smooth muscle 

cells (VSMC)
6,8

 and inflammatory cells such as macrophages
41

 and leukocytes.
42

 The production of ET-1 

is regulated predominantly at the level of messenger ribonucleic acid (mRNA) transcription and 

translation to form prepro-ET-1 (Figure 1).
8,36

 The production of ET-1-mRNA can also be stimulated by 

other substances such as angiotensin II,
43,44 

thrombin
45

 and transforming growth factor beta.
46

 Prepro-ET-

1 then undergoes furin-like endopeptidase to form the biologically inactive intermediate big-ET-1 (Figure 

1).
36

 Endothelin-converting enzyme 1 or endothelin-converting enzyme 2, which is a family of 

membrane-bound zinc metalloproteases, mediate the processing of big-ET-1 into active mature ET-1 

(Figure 1).
36

 In addition to endothelin-converting enzymes, other enzymes such as non-endothelin-

converting enzymes metalloproteinase
47

 and chymase
36

 can also contribute to the final step of processing 

(Figure 1).
48

 ET-1 is released continuously from secretory vesicles by the constitutive secretory pathway 

or stored and released via regulated secretory pathways by endothelial cell-specific storage granules 

known as Weibel-Palade bodies in response to external physiological or pathophysiological stimuli to 

maintain the endogenous vascular tone.
49-52

 ET-1 has a half-life of approximately one minute in healthy 

humans and is removed from the circulation by the lungs, kidneys and endothelin B receptors.
53,54

 

 

1.2.1.2. Endothelin receptors and their functions  

The active mature ET-1 can only perform its function after it binds to one of two 7-transmembrane 

domain G protein-coupled endothelin receptors, endothelin A receptors (ETAR) or endothelin B receptors 

(ETBR) (Figure 1).
36,55

 The ETAR have a higher affinity for ET-1 and ET-2, whereas ETBR has an equal 
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Transcription 

and translation 

ET-1 

affinity for all the endothelin peptides.
55

 In humans, ETAR is predominantly found on the VSMC 

mediating vasoconstriction and mitogenesis via phospholipase C and intracellular calcium ion 

mobilisation.
6,50,56-58

 Additionally, less than 15% of ETBR are present on the VSMC, where they 

contribute to vasoconstriction in diseased tissue.
59,60

 A single layer of ETBR found on endothelial cells of 

blood vessels is responsible for the release of endothelium-derived relaxing factors such as NO and 

prostacyclin.
7,55,60

 ETBR are also found in the kidney, localising to nonvascular tissues, where it functions 

as a clearing mechanism to remove ET-1 from the circulation.
50,55

 The net effect of ET-1 is determined by 

the condition of the endothelium, the presence of receptor location and the balance between ETAR and 

ETBR.
6
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The production and function of endothelin-1. Abbreviations: endothelin-1 (ET-1); endothelin A/B 

receptor (ETA/BR); messenger ribonucleic acid (mRNA); nitric oxide (NO) reactive oxygen species (ROS); vascular 

smooth muscle cells (VSMC). Adapted from Barton and Yanagisawa.
36
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1.2.2. Endothelial function and ET-1  

During our lifetime, the endothelium is exposed to tearing and scarring, leading to endothelial 

dysfunction as the years progress.
34,61

 The endothelium maintains homeostasis by actively regulating 

vascular tone and blood pressure through vasoconstricting and vasodilating substances.
12,15,62,63

 

Additionally, the endothelium can suppress inappropriate activation of the coagulation system through the 

production of antithrombotic factors and regulate cell proliferation and angiogenesis through secretion of 

various growth factors and vasoactive substances.
12,15,62,63

 Vasoactive substances include endothelial-

derived vasodilators such as NO, prostacyclin and endothelium-derived hyperpolarising factor
11-13

 and 

endothelial-derived vasoconstrictors such as ET-1, angiotensin II and reactive oxygen species 

(ROS).
15,16,64

  

 

ET-1 plays an important role in the health of the endothelium.
36,65

 In a healthy endothelium, the 

endothelium responds to changes in turbulent blood flow and shear stress by producing a minimal amount 

of ET-1.
39

 The ET-1 binds to an ETAR or ETBR coupled with a G-protein, activating the protein kinase C 

(PKC).
39,66-68

 This triggers the formation of inositol triphosphate (IP3) and diacylglycerol (DAG) (Figure 

2).
39,66-68

 Increased IP3 releases calcium from the sarcoplasmic reticulum, which causes smooth muscle 

contraction,
69

 whereas DAG is responsible for recruiting PKC to the membrane and activating it.
70

 In 

order to maintain homeostasis, an intact endothelium has a high bio-availability of NO, inhibiting the 

action of ETs through increased signalling of cyclic guanosine monophosphate (cGMP), favouring 

vasodilation (Figure 2).
6
 The production of NO is dependent on the rate at which shear stress changes.

71
 

Calcium ion (Ca
2+

) dependent pathways (during initial shear stress) continuously produce low levels of 

nitric oxide accompanied by an up-regulation of endothelial nitric oxide synthase (eNOS) expression, the 

enzyme involved in the conversion of L-arginine to NO.
72,73

 The up-regulation of eNOS leads to the 

inactivation of apoptosis-inducing exogenous oxygen radicals in endothelial cells, protecting the 

endothelium from the damage caused by shear stress.
73-75

 The endothelial cells can also protect 

themselves by down-regulating ET-1 through the up-regulation of ETBR binding sites on endothelial 

cells.
76

 Activation of ETBR causes eNOS expression, resulting in the clearance of circulating ET-1
76

 and 

an increased production of prostacyclin, which possesses anti-platelet aggregation properties.
77
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Figure 2: This figure illustrates the main concepts from the literature related to the role ET-1 plays in regulating 

vascular tone in a healthy endothelium. Abbreviations: calcium ions (Ca
2+

); cyclic guanosine monophosphate 

(cGMP); endothelin-1 (ET-1); diacylglycerol (DAG); endothelin A/B receptors (ETA/BR); endothelial nitric oxide 

synthase (eNOS); inositol triphospate (IP3); nitric oxide (NO); oxygen (O2); protein kinase C (PKC); vascular 

smooth muscle cells (VSMC). Solid lines represent stimulation and broken lines represent inhibition. 

 

During pathological conditions such as hypertension and inflammation, ET-1 appears to contribute in the 

development of endothelial dysfunction.
36,78

 Endothelial dysfunction is brought on by conditions such as 

abnormal regulation of ROS,
79,80

 hyperlipidaemia
81-84

 and environmental irritants such as tobacco 

smoke.
85-87

 The endothelium will up-regulate adhesion molecules and permit the entry of lipids, 

monocytes and leukocytes into the arterial wall (Figure 3).
85,88,89

 Active inflammatory cells result in the 

release of nuclear factor kappa beta (NF-kɓ),
6,88

 tumor necrosis factor alpha (TNF-Ŭ),
6,90

 interleukin-6 

(IL -6)
6,88,91

 and C-reactive protein (CRP)
6,92,93

 (Figure 3). IL-6 is the principle stimulus of the acute phase 

reaction during inflammation, in turn releasing CRP, leading to an increase in the production of ET-1 and 

the down-regulation of NO production by inhibiting eNOS (Figure 3).
6,94

 Ca
2+

 independent pathways 

(during prolonged shear stress) produce large amounts of NO through the activation of the induceable 

form of NOS (iNOS), which can provoke free radical superoxide anion (O2
.-
) formation and binding to the 
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-
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(discussed later) (Figure 3).
72,73

 Additionally, CRP can also cause an increased production of ET-1 

through the expression of adhesion molecules, monocyte chemoattractant protein-1 and the production of 

other cytokines such as thrombin and angiotensin II (Figure 3).
94-96

 Stimulation of human VSMC by ET-1 

results in the increased accumulation of IL-6 mRNA.
88

 The activation of these cytokine genes requires the 

induction of the NF-kɓ, meaning that ET-1 release is regulated by the IL-6 through the NF-kɓ mechanism 

(Figure 3).
97,98

 Oxygen free radicals and vasoactive peptides like angiotensin II may also activate the NF-

kɓ system,
99-101

 as well as the additional expression of cytokines through the generation of O2
.-
.
102

 This 

suggests that ET-1 production can occur in response to ROS (discussed later) (Figure 3).
102

 ET-1 also 

causes the production of TNF-Ŭ when it activates the ETAR or ETBR, in turn activating tyrosine kinase.
103

 

This causes phosphorylation of intercellular proteins, resulting in transcription and translation of the 

TNF-Ŭ gene (Figure 3).
103

 Previous studies found that TNF-Ŭ plays an important pro-inflammatory role in 

inducing endothelial dysfunction by reducing NO-dependent relaxation through the activation of 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, resulting in increased production of O2
.-
 

(Figure 3).
104,105

 

 

Additionally, during inflammation, the endothelium also becomes more permeable to lipid particles and 

immune cells and native low-density lipoprotein cholesterol (LDLC) becomes oxidised, damaging 

surrounding endothelial cells that send out more chemotactic agents to attract more macrophages.
106

 The 

activation of the oxidised LDLC receptor, the lectin-like oxidised receptor-1, generates ROS and activates 

the NF-kɓ, resulting in the down-regulation of NO and the upregulation of ET-1 (Figure 3).
107

 These 

macrophages become saturated and die off, forming foam cells.
85,106

 The foam cells begin to accumulate 

at the site of injury, forming a fatty streak.
85

 Platelets that are caught in the fatty streak begin to release 

platelet-derived growth factor, which in turn causes the growth of VSMC.
108

 Macrophages are joined by 

VSMC from the tunica media where they multiply, depositing collagen and elastic fibers to form a 

fibrous cap over the core of dead foam cells.
85

 Calcium is also drawn into the plaque, creating calcium 

crystals and hardening the endothelium.  

 

Increased production of ET-1 leads to a prolonged vasoconstrictive effect in the arteries, increasing shear 

stress and vascular damage.
6,88,109

 The inability of the endothelium to protect the underlying VSMC is 
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known as endothelial dysfunction.
110

 Endothelial dysfunction precedes the development of local 

atherosclerosis and predisposes the vasculature to the development of structural vascular changes.
111

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: This figure illustrates the main concepts from the literature and represents the interrelated function of 

endothelin-1 with the inflammatory system during inflammation. Abbreviations: C-reactive protein (CRP); 

endothelial nitric oxide synthase (eNOS); endothelin-1 (ET-1); endothelin A/B receptors (ETA/BR); interleukin-6 

(IL-6); inducible nitric oxide synthase (iNOS), low-density lipoprotein cholesterol (LDLC); nicotinamide adenine 

dinucleotide phosphate (NADPH); nitric oxide (NO); nuclear factor kappa ɓ (NF-kɓ); superoxide anions (O2
.-
); 

protein kinase C (PKC); reactive oxygen species (ROS); tumor necrosis factor-Ŭ (TNF-Ŭ); vascular smooth muscle 

cells (VSMC). Solid lines represent stimulation and broken lines represent inhibition. 
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1.2.4. Oxidative stress and ET-1 

Molecular oxygen is a central molecule in cellular respiration, important for all living aerobic species.
112

 

Certain derivatives of oxygen are highly toxic to cells and oxygen-containing free radicals are responsible 

for toxic effects in aerobic organisms.
112,113

 Approximately 5% of inhaled oxygen is converted to ROS 

such as O2
.-
, hydrogen peroxide (H2O2) and hydroxyl radicals (OH

.
).

112
 Angiotensin II

73,114
 and 

inflammatory markers such as IL-6 and CRP
109,115,116

  are three of the many substances responsible for 

activating the formation of O2
.-
, H2O2, NO and ONOO

-
. An imbalance between oxidants and anti-oxidants 

in favour of the oxidants results in the disregulation of cellular functions and disruption of redox 

signalling.
73,117

  

 

NO is a gas that can easily diffuse between cells and tissues.
118

 It is synthesised from L-arginine by a 

family of enzymes termed NOS.
118,119

 The NOS enzyme contains three isoforms known as neuronal NOS, 

iNOS and eNOS.
118

 eNOS are regulated by calcium-calmodulin-dependent enzymes that continuously 

produce low levels of NO to maintain vascular homeostasis, whereas iNOS are regulated by inflammatory 

cytokines and produce large numbers of NO to reverse endothelial damage.
73,119-122

 Co-factors such as 

tetrahydrobiopterin (BH4), haem, flavin adenine dinucleotide, flavin mononucleotide, calmodulin and 

NADPH are important for the production of NO.
118

 If there is a dietary deficiency of these co-factors, it 

will lead to the formation of other products, for example water, H2O2 and O2
.-
.
72,109,118

 On the other hand, 

if NO reacts with the excess in O2
.-
, it can form a harmful and higher reactive nitrogen species, ONOO

-
, 

through a process known as eNOS uncoupling.
72,118,123

 Additionally, ONOO
-
 can also form during low 

availability of eNOS co-factors or during the oxidation of BH4, encouraging NOS to become an ONOO
-
 

generator rather than an NO generator.
124

 eNOS plays an extremely important role in cardiovascular 

health, since its main function is to regulate blood flow, regulate blood pressure and inhibit platelet 

activation.
118,125,126

 

 

O2
.-
 is one of the most important reactive oxygen species in the vasculature.

80
 The main source of 

increased O2
.-
 in the endothelial cells of the vascular wall is believed to be through xanthine oxidase, 

uncoupled eNOS, NADPH oxidase complexes and spill-over from the mitochondrial respiratory chain 
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(Figure 5).
80,127

 Xanthine oxidase catalyse the catabolism of hypoxanthine to form xanthine and can in 

turn catabolise xanthine to form uric acid.
128

 NADPH oxidase is considered one of the most important 

enzyme systems in vascular function because of its responsiveness to other agonists such as angiotensin 

II.
129

 NADPH oxidase produces O2
.- 

by oxidising BH4 in conditions such as hypertension.
130

 ET-1 mainly 

produces O2
.- 

by stimulating NADPH or xanthine oxidase in the endothelium (Figure 4).
30,131

 The exact 

mechanism for oxidative stress induced increase in ET-1 is not clear. However, a few studies have 

provided suggestions. Kahler et al.
30

 suggest that oxygen-derived radicals interfere with intracellular 

calcium metabolism, in turn stimulating preproET-1 gene expression. Secondly, Loomis et al.
131

 and An 

et al.
132

 posit that NADPH oxidase mediates angiotensin II, which elicits its actions through the 

generation of ROS and ET-1. ET-1 expression is therefore achieved through an angiotensin-ROS-

mediated mechanism. Other studies propose that ROS-mediated ET-1 expression is achieved by O2
.-
 

activating the preproET-1 promoter and subsequently increasing mRNA concentration in endothelial cells 

(Figure 4).
31,88,132,133-135

 ET-1 expression can also be achieved by oxidative stress activating NF-kɓ, which 

may stimulate preproET-1 gene expression (Figure 4);
132,136,137

 or oxidative stress stimulating the 

generation of transforming growth factor beta in glomerular cells, which could markedly enhance ET-1 

expression in VSMC and endothelial cells.
132

  

 

In the vasculature, ET-1 promotes O2
.-
 production through an ETAR-NADPH oxidase-mediated-

pathway.
133,134

 An increase in LDLC and oxidised LDLC can affect the trafficking of eNOS to the 

caveolae, causing the uncoupling of eNOS, which results in increased O2
.-
 production and NADPH 

oxidase induction (Figure 4).
73

 An increase in ET-1 levels promotes oxidised LDL uptake into endothelial 

cells, accelerating the development of atherosclerosis.
107

 ET-1 is believed to down-regulate eNOS 

expression through the dissociation of ETBR activating eNOS phosphorylation, similar to its effect on 

ROS generation.
138,139

 ROS and ET-1 are generated by inflammatory cells, which accumulate in 

inflammatory conditions such as endothelial damage.
140

 Although ETBR on endothelial cells causes the 

release of vasodilators and inhibits cell apoptosis, the thin layer of these receptors is broken down, which 

leads to an increased availability of ETAR on smooth muscle cells. This in turn causes prolonged 

vasoconstriction, promotes cell growth and mediates cell mitogenesis in diseases associated with 

endothelial dysfunction (Figure 4).
103
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Figure 4: This figure illustrates the main concepts from the literature and represents the role ET-1 plays in oxidative 

stress. Abbreviations: Angiotensin II receptor type 1 (AT1); C-reactive protein (CRP); endothelial nitric oxide 

synthase (eNOS); endothelin-1 (ET-1); endothelin A/B receptors (ETA/BR); induced nitric oxide synthase (iNOS); 

hydrogen peroxide (H2O2); interleukin-6 (IL-6); low-density lipoprotein cholesterol (LDLC); nicotinamide adenine 

dinucleotide phosphate (NADPH); nitric oxide (NO); nuclear factor kappa ɓ (NF-kɓ); superoxide (O2
.-
); protein 

kinase C (PKC); superoxide dismutase (SOD); vascular smooth muscle cells (VSMC). Solid lines represent 

stimulation and broken lines represent inhibition. 

 

1.2.5. Anti-oxidant capacity and ET-1 

In healthy endothelium, the first line of defence against ROS production includes non-enzymatic and 

enzymatic antioxidants.
141

 ROS overproduction has been implicated in numerous diseases as a result of 

increased presence of risk factors such as hypertension, increased LDLC, smoking, sedentary lifestyle, 

diabetes, obesity, hypercholesterolemia, inflammation, genetic predisposition and 

hyperglycaemia.
73,112,142,143

 Non-enzymatic anti-oxidants include bilirubin, uric acid, vitamin C, vitamin 

A, ɓ-carotene, coenzyme Q10 and glutathione (GSH) and enzymatic anti-oxidants include superoxide 

dismutase (SOD), catalase and the glutathione system (glutathione reductase (GR), glutathione peroxidase 

(GPx)).
141

 Due to the scope of the study, we only focus on the literature that includes the antioxidants 

SOD, catalase, GSH, GR and GPx.  
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1.2.5.1. SOD 

SOD is an antioxidant enzyme that catalyses the dismutation of two O2
.-
 into H2O2 and molecular oxygen 

(Figure 5).
141,144,145

 Three forms of SOD are present in humans, cytosolic or copper-zinc SOD (CuZn-

SOD), mitochondrial manganese SOD (Mn-SOD) and extracellular form of SOD (EC-SOD).
144

 The 

human arterial wall contains large amounts of secreted soluble EC-SOD and low concentrations of Mn-

SOD and CuZn-SOD.
146

 In healthy endothelium, the major source of soluble EC-SOD are from the 

VSMC, but in atherosclerotic and hypertensive vessels this enzyme is produced by both the VSMCs and 

macrophages.
147

 This latter statement is supported by a study that found very high soluble EC-SOD 

activity, but not CuZnSOD activity effective in reducing vascular O2
.-
 levels and mean arterial pressure.

148
 

Additionally, angiotensin II and hypertension modulate EC-SOD expression.
147,149

 The direct link 

between ET-1 and SOD in human arteries is uncertain. However, in cultured human coronary artery 

smooth muscle cells, SOD significantly reduced ET-1 because of ET-1 primarily being secreted by O2
.-
.
30

  

It may be possible that ET-1 levels can be modulated through the regulation of other factors such as 

angiotensin II, vascular cell adhesion molecule-1, NADPH oxidase and O2
.-
 metabolism by EC-SOD,

30,150-

152
 but further investigation is warranted.  

 

1.2.5.2. Catalase and the glutathione system 

Catalase and GPx are important scavengers of H2O2, leading to the formation of water.
141,145

 Catalase 

catalyses the formation of molecular oxygen and water from two H2O2 molecules (Figure 5).
153

 It is 

suggested that catalase does not play such an important role as SOD in ET-1 metabolism, since the main 

source of ET-1 expression is through O2
.-
.
30

 GPx is a selenium-containing peroxidase that shares the 

substrate H2O2 with catalase and uses GSH as a substrate to be converted into glutathione disulfide 

(GSSG) and forms water and molecular oxygen (Figure 5).
145,153,154

 GSH is synthesised in a two-step 

enzymatic process. Firstly, glutamate and cysteine form gamma glutamylcysteine by the activity of 

gamma glutamylcysteine synthase, and secondly, GSH is formed by the activity of GSH synthase by 

using glycine as a substrate.
155

 GSH is freely distributed in the cytosol and compartmentalised to the 

mitochondria, endoplasmic reticulum and the nuclei matrix.
155

 GSSG can be reduced to form GSH 

through the action of GR, using NADPH as an electron donor (Figure 5).
145,156

 The GSH-to-GSSG or GR-

to-GPx ratio is often used as a measure of cellular oxidative stress.
156
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Figure 5: The anti-oxidant system. Abbreviations: glutathione peroxidase (GPx); glutathione reductase (GR); 

reduced glutathione (GSH); oxidised glutathione (GSSG); hydrogen ion (H
+
); hydrogen peroxide (H2O2); 

nicotinamide adenine dinucleotide (NADP
+
); nicotinamide adenine dinucleotide phosphate (NADPH); oxygen (O2); 

superoxide anion (O2
.-
); superoxide dismutase (SOD); water (H2O). Adapted from Young and Woodside.

145
  

 

A decrease in GPx activity is associated with conditions such as an hyperhomocysteinemia,
157

 carotid 

atherosclerotic plaque
158

 and coronary artery disease.
159

 A previous study demonstrated that ET-1 may 

lead to oxidative stress in the heart tissue and pulmonary arterial endothelial cells in rats by reducing the 

GSH-to-GSSG ratio, stimulating lipid peroxidation and increasing TNF-Ŭ concentration via NADPH and 

glucose oxidase.
160

 Scalera et al.
161

 found that ET-1 increases the intracellular GSH levels and reduces the 

efflux of GSH out of the cell, which leads to the synthesis of more GSH, decreasing ET-1 and increasing 

prostacyclin. In women with preeclampsia there was an increase in oxidative stress and a decrease in the 

production of GSH in response to ET-1 increase.
162

 ET-1 also increases the uptake of cysteine into the 

cell, leading to a decrease in GSH efflux.
163

 Cysteine is an important determinant of GSH synthesis and 

decreased cysteine levels, and leads to inflammation in blood vessels, resulting in atherogenesis.
164,165

 

Low concentrations of cysteine were found to increase homocysteine oxidation dramatically, which leads 

to the formation of superoxide and H2O2.
166,167

 Sethi et al.
168

 found that homocysteine stimulates ET-1 

synthesis through a ROS-dependent pathway. Homocysteine also impairs the production of vasodilators 

by decreasing the synthesis of prostacyclin and reducing NO bio-availability.
169

 This could suggest that 

ET-1 increases blood pressure in hypertensives by means of a decrease in anti-oxidant activity and an 

increase in oxidative stress through a cysteine-related mechanism. Previous studies on the South African 

population found associations between the antioxidant system and cardiovascular variables.
170-171 Black 

South Africans have a lower GPx and a higher GR activity compared to their white counterparts.
170
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Higher GPx activity was independently associated with lower carotid pulse wave velocity in the white 

group of the South African population.
170

 Additionally, a lower GPx activity in black women associated 

with higher blood pressure
172

 and a greater carotid intima media thickness (CIMT) associated with lower 

total GSH in hypertensive black men.
171

 The association with ET-1 and anti-oxidant capacity in this 

population is unclear and warrants further investigation.   

 

1.2.6. ET-1 and its association with cardiovascular disease risk factors  

The early identification of cardiovascular disease risk factors and endothelial dysfunction is important to 

combat the increased mortality rate as a result of cardiovascular disease in South Africans. Risk factors 

can be divided into two types: modifiable risk factors and non-modifiable risk factors.
173,174

 Modifiable 

risk factors include tobacco smoking, a diet high in saturated fat and salt, physical inactivity, abuse of 

alcohol, obesity, high plasma cholesterol levels, high blood pressure, low high-density lipoprotein 

cholesterol (HDLC) levels, high LDLC levels and high triglycerides levels.
173

 Non-modifiable risk factors 

includes age, sex and race.
174

 Previous studies indicate that ET-1 is involved in the activity of most 

cardiovascular risk factors
6,175-178

 and therefore the following section discusses the association of ET-1 

with various cardiovascular risk factors.  

 

1.2.6.1. Smoking and ET-1 

Cigarette smoking in South Africa has decreased tremendously from 31% to 18.2% since 1994 because 

the country uses excise tax increase as a tobacco control measure.
179

 However, the prevalence of tobacco 

smoking among men are still four times higher than in women,
180,181

 and black South African adults are 

more likely to use tobacco products than whites.
180,181

 Additionally, approximately 10% of deaths occur 

due to second-hand smoking.
92

 Smoking affects endothelial function, oxidative stress, inflammation and 

vasomotor function,
182

 eventually leading to atherosclerosis. Previous clinical and animal studies have 

demonstrated that cigarette smoking causes reduced NO bio-availability.
86,175,183-185

 The reduced 

expression of eNOS and increased generation of oxidative stress through NADPH oxidase and xanthine 

oxidase leads to smoking-related endothelial dysfunction.
86,175,183-185

 Haak et al.
186,187

 report that ET-1 

concentrations increase remarkably in short-term smokers and in chronic smokers with hyperlipidemia. It 
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is speculated that increased concentrations of plasma ET-1 may be because of reduced binding of ET-1 or 

enhanced release by either physiological or pathological stimuli.
188

 However, the exact physiological role 

of ET in smoking is still unclear. It can be hypothesised that cigarette smoking contributes to elevated 

levels of ET-1 as well as enhanced vasoconstriction and an increase in the levels of ROS.
175,189

 Increased 

levels of ROS increase the activity of NF-kɓ following the induction of cytokines, chemokines and 

adhesion molecules,
185,190,191

 decrease the protective activity of plasma HDLC
192-195

 and enhance the 

oxidation of LDLC.
196

  

 

1.2.6.2. Diet and ET-1 

The South African population has a fast growing epidemic of obesity, especially in women.
197-199

 Possible 

causes include over-nutrition and food high in cholesterol, saturated fat, trans fats and salt.
198,199

 An 

excess in cholesterol, saturated fats, trans fats, and salt correlated with an increased risk of cardiovascular 

disease such as stroke and coronary artery disease as a result of atherosclerosis.
200

  

 

Increased circulating ET-1 levels and oxidised LDLC have been found in patients with hyperlipidemia, 

hypercholesterolemia, and atherosclerosis.
176-178

 Lipoproteins such as chylomicrons which transport 

exogenous or dietary cholesterol, and very low-density lipoproteins, which transport endogenous 

triglycerides and cholesterol, are important to control the lipid metabolism.
201

 ET-1 augments the uptake 

of oxidised LDLC, whereas oxidised LDLC in turn stimulates the production of ET-1.
202,203

 An over-

synthesis of LDLC may lead to increased levels of LDLC in the blood, which in turn may lead to 

cholesterol being laid down as deposits in the arterial wall.
200

 It was suggested that increased ET-1 levels 

in these patients are due to oxidised LDLC-mediated secretion of ET-1 in VSMCs and macrophages.
176-178

 

Oxidised LDLC can also up-regulate ETBR expression in both VSMCs and monocyte-derived 

macrophages and ETAR expression in coronary artery VSMC.
178

 HDLC is responsible for removing the 

cholesterol deposits in the artery wall to maintain homeostasis.
200

 If HDLC levels are low, LDLC remains 

in the arterial wall and become oxidised, leading to a series of steps that eventually cause 

atherosclerosis.
200

 Additionally, HDLC can also trigger a variety of intracellular signalling pathways in 

many cell types, unrelated to cholesterol homeostasis.
204,205

 Low concentrations of HDLC were found to 

stimulate the production of ET-1 through PKC activation.
204,205

 On the other hand, cholesterol can also 
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directly diminish the contractile effect of ET-1 by influencing store-operated channels.
206

 Pro-

inflammatory stimuli such as a diet high in saturated fat, obesity and hypercholesterolemia can also 

activate the endothelium by increasing levels of cytokines such as IL-6 and TNF-Ŭ,
26,207

 which increase 

ET-1 levels in the plasma.
207

  

 

Treatment with ET blockers and statins was found to improve the damaging effects on the endothelium 

caused by ET-1 in hypercholesterolemia and atherosclerosis patients significantly. Studies investigating 

the role of ET-1 receptors in hypercholesterolemia found that an ETAR blockade leads to a reduction of 

macrophage infiltration, reduces fatty streaks, increases stable NO metabolites and normalises NO-

mediated endothelium-dependent relaxation.
111,208,209

 Hypercholesterolemia patients are known for having 

a decrease in NO bio-availability,
210

 and ET-1 interferes with NO synthesis. ET-1 contributes to a 

decrease in NO bio-availability by increased expression of eNOS protein and eNOS enzyme activity, 

stimulating free radical forming enzymes and promoting the interaction of caveolin and eNOS.
111,208-210

 

On the other hand, statin therapy improves the effect of ET blockers on NO-mediated vasodilation in 

hypercholesterolemia.
6,211

 Statins decrease the expression of prepro-ET-1 mRNA in endothelial cells and 

the vasoconstrictor response to ET-1, attenuating the negative effect of ET-1 on endothelial function.
6,211-

213
 Black South Africans are known for having a favourable serum lipid profile of low cholesterol and 

high HDLC when compared to their white counterparts, although urban black South Africans are 

beginning to adapt to a more Westernised diet. This increases the body mass index and total serum 

cholesterol of men and women, making this population susceptible to an increased risk for cardiovascular 

disease.
214-217

 It is clear that ET-1 levels increase in patients with high cholesterol levels, leaving the 

South African population at risk for the development of atherosclerosis and other lipid-related diseases.  

 

1.2.6.3. Hypertension and ET-1 

South Africa has one of the highest rates of hypertension worldwide. Currently, the main causes of 

hypertension in South Africans are lifestyle factors such as obesity and a diet high in salt.
218

 It is 

estimated that between 65% and 78% of cases of hypertension could be attributed to obesity
219,220

 and the 

prevalence of obesity is exceptionally high in urban black women of sub-Saharan Africa.
221

 Previous 
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studies found that obesity, salt sensitivity and ET-1 contribute to the development of hypertension in the 

black American population.
18,222-225

  

 

Adipose tissue plays an important role in obesity. Dysfunction of the adipose tissue causes endothelial 

dysfunction, vascular hypertrophy and impaired pressure natriuresis through the activation of the renin-

angiotensin aldosterone system (RAAS), sympathetic nervous system, oxidative stress and inflammation, 

which all lead to hypertension.
226-230

 Leptin is an important adipocyte-derived hormone that regulates food 

intake, body weight and increases in energy expenditure by activating the sympathetic nervous system.
231

 

Increasing leptin production can also affect blood pressure by renal sympathetic activation and NO 

synthesis.
225

 Chronic administration of leptin decreases natriuresis, increases urinary excretion of NO 

metabolites and increases the level of systemic and intrarenal oxidative stress, leading to NO 

deficiency.
225

 Increasing ET-1 levels also decrease NO bio-availability in obese patients.
222-224

 This 

increase in ET-1 levels of obese individuals may be as a result of leptin, which has the ability to up-

regulate ET-1 production in human endothelial cells.
232,233

 Leptin can also stimulate the generation of 

ROS and through an ET-1-ETAR-ROS pathway, exert its action through the inflammatory system.
233-235

 

These findings suggest that leptin-induced ET-1 can contribute to increased hypertension in obese 

individuals.
232,233

  

 

Although leptin can release ET-1 through a ROS-dependent pathway, ET-1 can also exert its effects 

through non-endothelial pathways similar to those found in adipose tissue such as the RAAS.
19,236

 The 

RAAS is a hormonal cascade that plays a critical role to control arterial pressure and extracellular volume 

in high-salt diets.
237

 During low blood pressure, renin is responsible for converting angiotensinogen to 

angiotensin I and angiotensin I to angiotensin II via angiotensin-converting enzyme.
238

 Angiotensin II 

then binds to angiotensin II type 1 receptors on the vascular endothelial and VSMC, impairing NO 

synthesis, leading to vasoconstriction.
238

 The binding of angiotensin II to angiotensin II type 1 receptors 

also releases aldosterone, responsible for sodium retention, which together with vasoconstriction causes 

an increase in blood pressure.
238

 After the RAAS have increased blood pressure, renin is decreased 

through a negative feedback system.
238

 Non-renin pathways, or alternative pathways, do not make use of 

renin or angiotensin-converting enzymes to control blood pressure.
239

 In these non-renin pathways, tonin 
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and cathepsin D release angiotensin I and tissue plasminogen activator and produce angiotensin II directly 

from angiotensinogen.
239

 Chymase, endopeptidase and carboxypeptidase produce angiotesin II from 

angiotensin I via an angiotensin-convering enzyme-independent pathway.
239

 Angiotensin-converting 

enzyme degrades bradykinin directly and the binding of angiotensin II to angiotensin II type 1 receptors 

decreases NO synthesis, and vasoconstriction, releasing aldosterone and increasing blood pressure.
239

 In 

response to an increase in blood pressure through the direct or alternative pathways of RAAS, angiotensin 

II can activate free radical production and vascular cell adehesion molecule-1 expression, which leads to 

chronic inflammation and eventually endothelial dysfunction.
239

  

 

Low plasma renin activity is much higher in blacks than whites.
240

 This is possibly due to blacks retaining 

more sodium and blood pressure regulation being more salt-sensitive than in whites.
240

 It can also be as a 

result of the role ET-1 has in the renovasculature.
18

 A diet high in salt increases renal ET-1 production 

and eNOS expression.
241

 ET-1 exerts a vasoconstrictor function on both the afferent and efferent 

arterioles and causes a decrease in renal blood flow and glomerular filtration rate, reducing sodium 

excretion.
18

 The black population was found to have increased circulating ET-1 levels, which can exert 

the latter effect more profoundly than in the white population.
18

 ET-1 exerts effects on the RAAS by 

inhibiting renin production and stimulating aldosterone production from the adrenocortical zona 

glomerulosa.
242-244

 The binding of ET-1 to ETAR or ETBR increases aldosterone directly from the zona 

glomerulosa cells, increasing plasma volume and inhibiting juxtaglomerular cells from releasing 

renin.
242,244

 A study assessing the effect of 24-hour salt restriction on plasma ET-1 levels in salt-sensitive 

patients, found that ET-1 levels are elevated together with catecholamines even with blunted renin 

activity in this group.
245

 It was also suggested that the distribution of ET receptors could explain the racial 

differences found in the relation to the effect exerted by ET-1.
18,246

 However, studies on receptor 

distribution in the arterioles of the kidneys are unclear.  

 

1.2.6.4. Aging and ET-1 

Aging causes structural and functional modification in the vasculature such as infiltration of VSMCs, 

atherosclerotic plaque, arterial thickening, arterial stiffness and reduced NO bio-availability.
247

 Changes 

due to aging is an unavoidable fate. However, due to cardiovascular risk factors the effects of aging 
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through the inflammatory process seems to appear earlier. Changes often seen in older patients such as an 

increase in arterial stiffness, increase in the thickness of large arteries and endothelial dysfunction are 

more extensive in patients with hypertension or atherosclerosis at a younger age.
247

 Previous studies have 

demonstrated that smoking, overproduction of ROS, inhibition of DNA repair, increased RAAS activity, 

endothelial cell senescence, decreased cell proliferation, increased sodium intake, increased calcium 

content and decreased NO bio-availability speed up the arterial aging process.
248-251

 Experimental
28,252

 and 

human studies
28,253

 showed an increased expression of ET-1 with aging, possibly due to an increase in the 

deterioration of endothelial function.
28,253

 The mechanism through which ET-1 causes early vascular 

aging is unclear. However, it is hypothesised that conditions associated with aging, such as increased 

levels of angiotensin II,
44,132

 reduced bio-availability of NO and increased levels of oxygen-derived free 

radicals, 
30,31,132,252

 increase ET-1 levels with age.
252

 A few studies demonstrated that the black population 

of South Africa is at risk for developing early vascular diseases normally associated with aging.
254-256

 

There is currently no other study investigating the association between aging and ET-1 levels in the South 

African population, and since this group is subjected to early vascular damage ET-1 may be an important 

risk factor for this group.   

  

1.2.6.5. Race and sex differences of ET-1 levels and receptors 

As in African Americans, blacks in South Africa have a higher prevalence of CVD.
257

 Resting ET-1 

levels was found to be higher in black Africans and black Americans than in whites.
258

 Campia et al.
258

 

have demonstrated that young, healthy black African subjects have reduced NO-mediated vasodilation of 

forearm resistance vessels compared to their white counterparts. This reduced NO-mediated vasodilation 

indicates the presence of impaired vascular smooth muscle relaxation, which may lead to increased 

vascular tone and hypertension.
258

 Plasma ET-1 levels were also found to be increased in hypertensive 

blacks compared to whites.
259

 The smooth muscle cells of saphenous veins obtained from black Africans 

appeared to contain both receptor subtypes, whereas the VSMCs of saphenous veins obtained from white 

Africans possessed a higher density of the ETA subtypes receptor.
19

 These differences in ET-1 levels may 

be due to the different distribution of ET receptor subtypes (ETA and ETB) in black and white Africans.
19
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Sex also appears to have an effect on ET-1 levels. Adult white males have higher circulating levels of ET-

1 than females.
19,259,260

 The saphenous veins from black men contain fewer ET-binding sites than those of 

white men, and black women have twice as few ET receptors than white women.
260

 Evidence indicates 

that the lower levels of ET-1 observed in women, may be due to the modulatory action of female gonadal 

hormones.
261

 This statement is supported by previous studies that found healthy postmenopausal women 

have higher ET-1 and lower NO levels than younger women and that the ET-1 levels decreased and NO 

levels increased remarkably after hormone replacement therapy.
262-264

  

 

1.2.7. ET-1, blood pressure and vascular remodeling  

1.2.7.1. Blood pressure 

Experimental studies indicated an enhanced production of ET-1 in some hypertensive models.
265,266

 Blood 

pressure is an important determinant of vascular dysfunction.
267,268

 Aging leads to a steady increase in 

systolic blood pressure, with a decline in diastolic blood pressure after the age of 55 years.
267,269

 The 

increase in systolic blood pressure and decrease in diastolic blood pressure leads to an increase in pulse 

pressure due to an increase in the systolic-diastolic blood pressure difference.
267

 As seen previously in this 

chapter, blood pressure changes play an important role in the homeostasis of the endothelium. Although 

systolic blood pressure effects have been investigated at length, previous studies found pulse pressure is a 

stronger independent predictor to endothelial-related changes and is closely associated with left 

ventricular hypertrophy and carotid atherosclerosis.
270-272

 ET-1 also plays an important role in blood 

pressure and have a positive inotropic effect on the heart,
60,273

 decreasing cardiac output, in turn 

decreasing heart rate and stroke volume.
274

 High concentrations of ET-1, as seen in patients with heart 

failure and renal failure, accelerated pulse wave velocity, increasing systolic blood pressure and pulse 

pressure due to this decrease in cardiac output.
274

 In South Africa, a large number of studies have found 

an increased risk for hypertension in black South Africans,
26,214,221,275,276

 proposing that 24% of blacks that 

have high blood pressure will develop hypertension.
218

 This association of ET-1 with markers of vascular 

function could shed some light on the increasing risk of the black South Africans to develop hypertension.   
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1.2.7.2. CIMT and arterial stiffness  

The CIMT shows the thickness of the tunica intima and tunica media of the blood vessels and is used for 

evaluating the regression and/or progression of atherosclerotic cardiovascular disease.
277-279

 The 2013 

ESH/ESC hypertension guidelines confirmed a CIMT Ó 0.9 mm as a marker of asymptomatic organ 

damage.
280

 Between the ages of 20 and 90 years, the CIMT increases 2 to 3 times because of luminal 

dilation and increased wall stiffness associated with aging.
281,282

 Although CIMT measures the extent of 

atherosclerosis,
277-279

 Lakatta et al.
282

 concluded that CIMT and endothelial dysfunction is not a result of 

atherosclerotic risk factors, but rather age-related remodeling of the arterial wall, increasing the sensitivity 

of the wall to atherosclerotic risk factors. Structural changes in aging arteries include an increase in the 

medial thickness through VSMC hypertrophy, an increase in collagen content and a decrease in elastin 

density. This leads to arterial stiffness due to decreased arterial compliance.
283

 Aging in arteries is also 

accompanied by a decrease in the production of vasoactive substances such as NO, independent of 

hemodynamic factors.
284

  

 

The decrease in arterial compliance and increase in vasoconstriction can result in an increase in systolic 

blood pressure and pulse pressure, increasing the risk for the development of hypertension and 

atherosclerosis in aging individuals.
285,286

 These diseases are also associated with morphological and 

functional alterations of arteries similar to those found during aging.
287

 Previous studies found an 

association between increased CIMT and left ventricular mass in response to the hypertrophy of the 

media layer and increased CIMT and adaptive thickening in response to changes in the transmural 

pressure, shear stress and lumen diameter.
278

 Studies also found an association between CIMT and 

chronic heart disease such as stroke and myocardial infarction.
279,288,289

 These studies indicate that with 

every 0.13 mm increase in the CIMT of the common carotid artery, the risk of coronary death or 

myocardial infarction increased by 40%.
279,288,289

 Cardiovascular risk factors such as age,
290

 sex,
291,292

 

smoking,
291

 high cholesterol,
293

 high systolic blood pressure,
294

 increased ET-1 levels,
295-299

 increased 

TNF-Ŭ activity,
291

 increased NADPH-oxidase activity,
296

 and increased homocysteine levels
300

 also had 

an effect on CIMT. Hypercholesterolemic,
293,301

 hypertensive,
294

 diabetic,
295

 and smoking
291

 patients have 

a 5-12% increase in CIMT compared to patients without these conditions.
302

 Studies investigating the link 

between ET-1 and CIMT suggest that the association of ET-1 with increasing CIMT may be due to an 
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increase in NADPH oxidase activity and O2
.-
 increasing ET-1 expression.

296-299
 ET-1 was found to also 

contribute to collagen synthesis and elastin degradation, leading to an increase in CIMT.
303

 Statins
293,301

 

and regular aerobic exercise
295

 were found to decrease the progression of CIMT in turn decreasing the 

risk for atherosclerosis and hypertension. Schutte et al.
25

 investigated arterial stiffness in black and white 

South Africans and found that the change in arterial stiffness is age-related in whites and pressure-related 

in blacks, increasing their risk for the development of atherosclerosis in this population. It is possible that 

ET-1 can be the culprit responsible for age- and pressure-related changes in this population, but further 

research is needed to test this hypothesis. 

  

1.2.7.3. Cross-sectional wall area (CSWA) and arterial stiffness 

CSWA is the area encompassed by artery circumference minus the lumen area.
304

 Changes in the CSWA 

occur in response to alterations in blood flow, blood pressure and atherosclerosis. 
304

 These changes are 

termed remodeling.
304

 Remodeling can be characterised as inward or outward changes in vessel lumen 

diameter and increased change (hypertrophic), decreased change (atrophic) or no change (eutrophic) in 

the vessel wall thickness.
304,305

 Increased blood flow and atherosclerosis cause the vascular wall to 

undergo eutrophic outward remodeling, whereas hypertrophic inward remodeling is associated with an 

increase in blood pressure.
304

 Outward remodeling occurs mainly due to inhibiting production of NO with 

eNOS inhibitors,
306

 whereas inward remodeling occurs due to the activation of autocrine mechanisms that 

stimulate VSMC growth and paracrine mechanisms that increase the production of angiontensin II in 

resistance arteries, changing the vessel wall matrix.
27

 ET-1, a peptide that acts in an autocrine and 

paracrine fashion, can contribute to outward remodeling through its NADPH oxidase function by 

increasing oxidative stress and inward remodeling in response to the CRP-angiotensin II-induced ROS 

production. This results in the VSMC migration and proliferation.
27,307

  Additionally, atherosclerotic 

arteries, which are associated with an abundant VSMC migration into the intima, were found to have 

increased ETAR mRNA, contributing to outward remodeling.
308

 In South Africans, CSWA is associated 

with leptin levels.
309

 Leptin can contribute to vascular remodeling by increasing the release of 

vasoconstrictive substances, increasing the production of ROS and secreting inflammatory cytokines, all 

of which contribute to obesity-related hypertension and atherosclerosis.
309

 Additionally, CSWA also 

correlated negatively with GSH levels in the same population.
172

 Other studies found that leptin increases 
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ET-1 production by endothelial cells, and ET-1 in turn increases ROS production, decreasing GSH levels. 

This association between ET-1, leptin and ROS could provide a possible leptin-mediated-, ROS-

mediated-ET-1 effect on vascular remodeling in the general South African population. However further 

investigation is needed.   
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1.3. Aims 

General aim 

The general aim of this study is to explore the link between ET-1 levels and cardiometabolic function and 

arterial stiffness.  

 

The detailed aims are as follows:  

Chapter 3 ï The association of ET-1 with markers of arterial stiffness in black South African 

women: The SABPA study 

Chapter 3 aims to: 

¶ determine whether ET-1 levels differ among sex and race in black and white South Africans. 

¶ investigate the association of ET-1 with cardiovascular function (systolic blood pressure, pulse 

pressure and mean arterial pressure) and inflammation (interleukin-6 and C-reactive protein) in a 

bi-ethnic South African population.  

 

Chapter 4 ï The association of ET-1 with markers of oxidative stress in a bi-ethnic South African 

cohort: The SABPA study 

Chapter 4 aims to: 

¶ investigate associations of ET-1 with markers of oxidative stress (serum peroxides) and anti-

oxidant capacity (GPx, GR, catalase, GSH) in black and white South Africans.  

 

Chapter 5 ï Three-year change in endothelin-1 and markers of vascular remodeling in a bi-ethnic 

South African cohort: The SABPA study 

Chapter 5 aims to: 

¶ investigate the association of change in ET-1 levels and the association of these changes with 

markers of vascular remodeling such as CIMT, CSWA and arterial compliance after three years in 

black and white South Africans.  
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1.4. Hypotheses 

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

research:  

Chapter 3 - The association of ET-1 with markers of arterial stiffness in black South African 

women: The SABPA study 

¶ ET-1 levels are higher in black men and women in comparison to their white counterparts. 

¶ ET-1 associates with cardiovascular deterioration (systolic blood pressure, pulse pressure and mean 

arterial pressure) and inflammatory markers (interleukin-6 and C-reactive protein) in black men 

and women.  

 

Chapter 4 ï The association of ET-1 with markers of oxidative stress in a bi-ethnic South African 

cohort: The SABPA study 

¶ ET-1 associates positively with markers of oxidative stress and negatively with markers of anti-

oxidant capacity (GPx, GR, catalase, GSH).  

 

Chapter 5 ï Three-year change in endothelin-1 and markers of vascular remodeling in a bi-ethnic 

South African cohort: The SABPA study 

¶ An increase in ET-1 levels associates positively with markers of vascular remodeling (CIMT, 

CSWA, and arterial compliance) after three years  

¶ The black population has more adverse changes in vascular remodeling (such as CIMT, CSWA, 

and arterial compliance). 
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1.5. Structure of the thesis 

The format of this thesis complies with the prescribed article format as approved by the North-West 

University. The thesis consists of three manuscripts accepted or submitted for publication in international 

peer-reviewed journals.  

¶ Chapter 1 provides an introduction, literature overview, aims, objectives and the hypotheses related 

to the topic of the thesis. 

¶ Chapter 2 discusses the study protocol along with the materials and methods used to obtain the data 

from the SABPA study.  

¶ Chapter 3 (the first manuscript) determines whether ET-1 levels differ among sex and race and 

investigates the association of ET-1 with cardiovascular function and inflammation in a bi-ethnic 

South African population.  

¶ Chapter 4 (the second manuscript) investigates the associations in ET-1 with markers of oxidative 

stress and anti-oxidant capacity (GPx, GR, SOD, catalase, GSH) in black and white South 

Africans.   

¶ Chapter 5 (the third manuscript) investigates the association of change in ET-1 levels (after 3 

years) and markers of vascular remodeling such as CIMT, CSWA and arterial compliance in black 

and white men and women.  

¶ The final chapter (Chapter 6) provides a critical summary of the results, providing final conclusions 

and  recommendations. 

 

The relevant references are provided at the end of each chapter according to the style as described by the 

journal. The Vancouver referencing style reference style is used in all unpublished chapters.  
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2.1. Study design 

The Sympathetic Activity and Ambulatory Blood Pressure in Africans (SABPA) study was a prospective 

target population study that consisted of 200 black (101 men and 99 women) and 209 white (101 men and 

108 women) South-African school teachers from the Dr. Kennith Kuanda Education District of the North-

West Province. The reason for this selection was to obtain a homogenous sample from a similar 

socioeconomic class with income parity. The cultural background of the ethnic groups is different, and 

this may play a role in nutrient intake, alcohol intake and smoking habits. Our sub-study is embedded in 

the SABPA study and detailed layout of the experimental protocol and data collection procedures was 

previously described.[1] The methodology appropriate to this sub-study will be discussed. All participants 

were between 20 and 65 years of age. The baseline and follow-up data collection was conducted in two 

phases to minimize seasonal effects. Phase I commenced in 2008 and Phase II in 2011 for baseline data. 

For follow-up data collection, Phase I commenced in 2009 and Phase II in 2012. Exclusion criteria 

included participants that recently donated blood, had an elevated ear temperature (>37°C), were 

pregnant, were lactating, were users of alpha and beta blockers, had vaccinations 3 months or less prior to 

participation or were using psychotropic substances. Contact between baseline and 3-year follow-up was 

sustained via a mobile cellular messaging system and feedback workshops to explain results and make 

referrals.   

 

The Ethics Committee of the North-West University, Potchefstroom Campus, approved the study (project 

no: NWU-00036-07-A6). All participants were informed of the procedures regarding the study prior to 

their recruitment and black field workers were available to relay information to the black participants in 

their home language. For the investigation of human subjects, the study protocol conforms to the ethical 

guidelines of the Declaration of Helsinki (as revised in 2008). All  participants were coded with their 

personal information and data treated confidentially and also only linked to a numeric value that is not 

traceable by any outsider. Data was stored from all devices on external hard disks and DVD-ROM discs, 

recorded into Excel spreadsheets and password protected for security of the data. 

For the purpose of this study, additional inclusion and exclusion criteria were implemented for each 

article as follows:  
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- In article 1, the study included 99 black men and 95 black women as well as 99 white men and 98 

white women. Excluded from the study was outliers of endothelin-1 (ET-1) (n=10) by residual 

statistics as well as participants with missing ET-1 data (n=8).  

- In article 2, the study included 99 black men and 96 black women as well as 99 white men and 99 

white women. Excluded from the study was outliers of ET-1 (n=10) by residual statistics as well as 

participants with missing ET-1 data (n=8).  

- In article 3, 48 participants did not participate in the follow-up study and were excluded from the study 

together with outliers of ET-1 by residual statistics (baseline: n=8; follow-up: n=0) and participants 

with missing ET-1 data for both baseline and follow-up (n=14). Included were 87 black men and 79 

black women as well as 87 white men and 84 white women.   

 

2.2. Materials and methods 

2.2.1. Organisational procedures 

An ambulatory blood pressure monitoring (ABPM) device (Meditech CE120® Cardiodens, Budapest, 

Hungary) was fitted to the non-dominant arm of each participant with an appropriately sized cuff between 

07h00 and 08h00 from Mondays to Thursdays. The ABPM device was programmed to measure blood 

pressure in 30 minute intervals during the day (08h00 to 22h00) and 60 minute intervals during the night 

(22h00 to 06h00). The same day the ABPM device was fitted; participants spent the night at a Metabolic 

Unit facility on the Potchefstroom-campus of the North-West University where they were asked to 

complete questionnaires which included questions about their cardiovascular health history, contraceptive 

usage and chronic medication usage such as statins and anti-hypertensive drugs. Each participant also 

received human immunodeficiency virus pre-counselling. At 20h30 the participants received a 

standardized dinner and abstained from consuming alcohol and caffeine and refrained from smoking for 

the remainder of the night. Participants were encouraged to be in bed by approximately 22h00. The 

following morning participants were woken at 05h45. At 06h00 the ABPM apparatus were removed and a 

urine sample was collected. 
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2.2.2. Anthropometric and physical activity measurements 

Qualified anthropometrists measured the body height, body weight as well as the waist circumference of 

each participant according to standard procedures.[2] Body composition of each participant was obtained 

in triplicate. Body height and weight were measured to the nearest 1.0 cm and 0.1 kg, respectively, with 

calibrated instruments (Invicta Stadiometer, IP 1465, London, UK and Precision Health Scale, A&D 

Company, Tokyo, Japan) while participants were in minimal clothing. Waist circumference was measured 

with a non-stretchable metal flexible measuring tape (Holtain Ltd., Dyfed, UK). Body mass index was 

calculated as weight in kilograms divided by height in meters squared and rounded to 1 decimal point.[3] 

At baseline total energy expenditure was calculated using the Actical® activity monitor (Mini Mitter Co., 

Inc, Bend, OR; Montreal, Quebec, Canada) over a 24 h period taking the resting metabolic rate into 

account.  

 

2.2.3. Cardiovascular measurements 

The cardiovascular measurements were tested by making use of the validated Finometer device (FMS, 

Finapres Measurement Systems, Amsterdam, Netherlands) [4-6]. The participant was requested to lie in 

the Fowlerôs position with their arm at heart level. A finger cuff was placed on the middle phalanx of the 

left hand, and a brachial cuff is connected to the upper arm. A 2-minute calibration is performed to 

provide an individual subject-level adjustment of the finger arterial pressure with the brachial arterial 

pressure [5]. The highest precision in cardiovascular measurement can be achieved only after this 

calibration. Measurements were recorded continuously for at least five minutes. Afterwards the Beatscope 

1.1 software was used to calculate the systolic blood pressure, diastolic blood pressure, mean arterial 

pressure, pulse pressure, stroke volume and arterial compliance [7]. As part of the nonlinear three-element 

model which includes aortic characteristic impedance, arterial compliance and systemic vascular 

resistance, the Windkessel compliance or Buffer Compliance of the arterial system was computed from an 

age-dependent, aortic pressure-area relationship and represents the lumped compliance of the entire 

arterial system. [7]. To minimize inter- and intra individual variability of measurements, all 

measurements were performed in a temperature controlled room and only trained staff members 

performed the measurements.  
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The Complior SP Acquisition System (Artech-Medical, Pantin, France) was used to measure pulse wave 

velocity from the carotid to dorsalis-pedis pulse sites [8]. The carotid-femoral pulse wave velocity are 

determined non-invasively from an arterial segment that includes both elastic and muscular arteries by 

measuring the distance between the carotid artery and the femoral artery divided by the transit time (the 

time of travel of the foot of the wave over the distance) [9]. All measurements were taken by the same 

two observers on the left side of each participant while the participants were lying in the supine position. 

This method was regarded as the gold standard for measuring arterial stiffness, unfortunately the femoral 

measurement was a sensitive measure to perform in a population study outside of a clinical setting, 

therefore it was unavailable. At the time of the study, more advanced mechanical methods such as the 

SphygmoCor and the Doppler Ultrasound was not yet available at our research unit.  

 

The Cardiotens (CE120, Meditech, Hungary) is an ABPM device that is a non-invasive, fully automated 

technique in which blood pressure is recorded over an extended period of time, usually 24 hours [10]. 

ABPM are superior to other clinical measurements such as office blood pressure measurements, since 

ABPM predicts blood pressure-related complications more accurately, whereas office blood pressure 

measurements are subjected to mechanical defects, physician error and white coat effects [10]. The 

Cardiotens (CE120, Meditech, Hungary) was used to record 24-hour ambulatory systolic and diastolic 

blood pressure, which were used to derive 24h pulse pressure. Participants with a systolic blood pressure 

Ó 135 mmHg and/or diastolic blood pressure Ó 85 mmHg were considered hypertensive [11]. The 24-hour 

blood pressure data were downloaded onto a database using the CardioVisions 1.9.0 Personal Edition 

software.  

 

Carotid intima-media thickness (CIMT) are used as a surrogate marker for atherosclerosis [12, 13]. 

Ultrasound measurements of CIMT can be used to reclassify patients at intermediate risk, discriminate 

between patients with and without prevalent of cardiovascular disease and predict major adverse 

cardiovascular events [14]. The carotid ultrasound also has a potential advantage to the computed 

tomography coronary artery calcium testing method since it does not involve exposure to ionizing 

radiation and it is more accurate when measuring the intima-media thickness [14, 15]. In this study, 

CIMT was measured using a SonoSite Micromaxx ultrasound system (SonoSite, Bothell, WA, USA) and 
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a 6-13 MHz linear array transducer from at least two optimal angles of the left and right common carotid 

artery. Subsequently, the carotid cross-sectional wall area was calculated with the formula: cross-

sectional wall area = ˊ(d/2 + carotid intima media thickness)
2
 ï ˊ(d/2)

2
. Interpretations were made for 

both carotid intima-media thickness and carotid cross-sectional wall area by a single reader with a semi-

automated program, the Artery Measurement Systems (AMS) II v1.139 (Gothenburg, Sweden). 

 

2.2.4. Biochemical analyses 

A registered nurse collected fasting blood samples with a sterile winged infusion set from the 

participantsô antebrachial vein branches. Serum samples were prepared according to standard procedures 

and frozen at -80°C until analysed. Procedures followed for quantitative analyses were the same for both 

baseline and follow-up unless stated otherwise. 

 

ET-1 was determined by an ET-1 Quantikine enzyme linked immunosorbent assay (ELISA) (R&D 

Systems, Minneapolis, MN, USA). Serum interleukin-6 was determined with a high sensitivity 

interleukin-6 Quantikine ELISA (R&D Systems, Mineapolis, MN, USA). Serum cotinine was determined 

with a homogenous immunoassay on a Roche Modular system (Roche, Basil, Switzerland). Gamma 

glutamyl transferase was used as an indication of alcohol abuse and cotinine for smoking.[16, 17] At 

baseline fasting lipids (triglycerides, total and high-density lipoprotein cholesterol), glycated hemoglobin 

A1c, C-reactive protein, gamma glutamyl transferase and creatinine were determined using two 

sequential multiple analysers in serum samples (Konelab 20i, Thermo Scientific, Vantaa, Finland and 

Unicel DXC 800, Beckman and Coulter, Germany) and at follow-up, the variables were determined using 

the Integra 400 plus (Roche, Basel, Switzerland). Although HbA1c% is regarded a less sensitive variable 

in non-diabetic subjects than glucose, the majority of our total population was prediabetic or diabetic 

(53.7%) hence the use of HbA1c%. Low density lipoprotein cholesterol was calculated with the 

Friedewald formula: low density lipoprotein cholesterol = Total cholesterol ï high density lipoprotein 

cholesterol ï (triglycerides/2.2), provided that no value of triglycerides inserted is higher than 4000 

mmol/L [18]. Urinary albumin and creatinine levels were determined (Konelab 20i, Thermo Scientific, 

Vantaa, Finland; Unicel DXC 800, Beckman and Coulter, Germany) and the albumin:creatinine ratio was 

calculated [19]. The modification of diet in renal disease (MDRD) formula was used to calculate 
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estimated glomerular filtration rate (eGFR) from serum creatinine levels, age, sex, and ethnicity: eGFR = 

175 * (standardized serum creatinine (mg/dL))
ï1.154 

* (age (years))
ï0.203 

* 1.212 [if black] * 0.742 [if 

female] [20]. Estimated creatinine clearance was calculated by using the Cockcroft-Gault formula as 

follows: Creatinine clearance (ml/min) = (140-age) x weight (kg) x constant/serum creatinine (ɛmol/L), 

where the constant for females are 1.23 and 1.04 for males [21]. Serum estradiol and testosterone levels 

were determined using an electrochemiluminescence immunoassay (ECLIA) (Elecsys 2010, Roche, Basil, 

Switzerland). Human immunodeficiency virus status was measured, using the First Response Kit 

(Premier Medical Corporation, Daman, India) as well as the Pareekshak test (Bhat Biotech, Bangalore, 

India).  

 

One of the measurable reactive oxygen species, total peroxides, was determined in serum samples [22]. 

Total glutathione levels were determined with the BIOXYTECH GSH/GSSG-412 supplied by 

OxisResearch (Forster City, CA, USA). GPx and GR (ethylenediaminetetra acetic acid (EDTA) plasma) 

and serum SOD activities were determined with assay kits (Cayman Chemical Company, Ann Arbor, MI, 

USA), whereas serum catalase activity was determined with a Oxiselect Fluorometric kit from Cell 

Biolabs (San Diego, CA, USA) with appropriate apparatus (Synergy H4hybrid Microplate Reader; 

BioTek, Winooski, VT, USA). Antioxidant enzyme ratios were calculated to assess antioxidant defenses 

and included the GR-to-GPx ratio and the GPx-to-SOD.  

 

2.2.5. Statistical analyses 

G*Power version 3.1.9.2 software (University of Kiel, Kiel, Germany) was used to compute the achieved 

power in post hoc analysis [23]. Statistical analyses were done using IBM SPSS Statistics version 22 and 

version 23 (IBM Corp., Armonk, NY, USA, 2013 and 2016). Main effects of race, sex and 

increased/decreased ET-1 levels with cardiometabolic-, oxidative stress- and arterial stiffness-related 

markers were tested by means of multiple regression analyses. Variables with a non-Gaussian distribution 

were logarithmically transformed and the central tendency and spread were represented by the geometric 

mean and the 5
th
 and 95

th
 percentile intervals. T-tests were used to compare means and Chi-square tests to 

compare proportions between the race/sex groups and groups with increased/decreased ET-1 levels after 3 

years. Unadjusted and adjusted correlation between ET-1 and variables associated with cardiometabolic-, 



62 

 

oxidative stress- and arterial stiffness-related variables were performed. Multivariable linear regression 

models for each group were performed with ET-1 as the main dependent variable.  
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CHAPTER 3 

The association of endothelin-1 with markers of arterial stiffness in 

black South African women: The SABPA study
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Abstract 

Background. Limited data exist regarding endothelin-1 (ET-1), a vasoactive contributor in vascular tone, 

in a population subjected to early vascular deterioration. We compared ET-1 levels and explored its 

association with markers of arterial stiffness in black and white South Africans. 

 

Methodology. This cross-sectional sub-study included 195 black (men: n = 99; women: n = 95) and 197 

white (men: n = 99; women: n = 98) South Africans. Serum ET-1 levels were measured as well as 

markers of arterial stiffness (blood pressure, pulse wave velocity and arterial compliance). ET-1 levels 

were higher in black men and white women compared to their counterparts after adjusting for C-reactive 

protein. In both single and partial (adjusting for body mass index and gamma glutamyl transferase) 

regression analyses, ET-1 correlated with age, interleukin-6, high density lipoprotein cholesterol, systolic 

blood pressure, pulse pressure and pulse wave velocity in black women. In multivariate regression 

analyses the independent association of ET-1 with systolic blood pressure (Adj. R
2 
= 0.13; ɓ = 0.28, p < 

0.01) and pulse pressure (Adj. R
2 
= 0.11; ɓ = 0.27, p < 0.01) was confirmed in black women only. ET-1 

additionally associated with interleukin-6 in black women (p < 0.01).  

 

Conclusion. Our result suggests that ET-1 and its link with subclinical arteriosclerosis are potentially 

driven by low-grade inflammation as depicted by the association with interleukin-6 in the black female 

cohort. 

 

Keywords: endothelin-1, arterial stiffness, black, white, South-African, inflammation 
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1. Introduction 

The high incidence of hypertension and development of early vascular deterioration among the black 

population remains to be elucidated [1-3]. Vascular aging is characterised by vascular dysfunction 

manifested as thinning, fraying and fracturing of elastic laminae and increasing connective tissue and 

collagen fibers that will lead to stiffening of the arteries [4,5]. Apart from natural or biological ageing, it 

is also known that hypertension, atherosclerosis, type 2 diabetes mellitus, chronic renal disease, excessive 

salt use, and changes in neurohormonal regulation influence the onset and augmentation of arterial 

stiffness [6].  

 

ET-1 is an important vasoactive biomarker due to its pivotal role in vascular tone and dysfunction [7,8]. 

Endothelial dysfunction is a precursor for vascular disease usually elicited by the release of a variety of 

paracrine factors such as endothelin-1 that interact with platelets, inflammatory cells and the vessel wall 

[9]. Experimental studies demonstrated that higher ET-1 levels associated with aging may contribute to 

vascular endothelial dysfunction [10-13]. ET-1 was also positively associated with large artery stiffness in 

patients with coronary artery disease [14,15]. The upregulation of ET-1 activates inflammatory cells and 

leads to nitric oxide synthase inhibition associated with arterial stiffness [7,9,16-18].  

 

Ergul et al. [19-21] reported that the black population have higher ET-1 levels and disparities in renal and 

smooth muscle cell endothelin receptors and are also predisposed to early vascular alterations compared 

to white individuals. However, limited information is available on the link between ET-1 and arterial 

stiffness (or arteriosclerosis), especially in sub-Saharan Africa, and therefore we aimed to compare ET-1 

levels and explore the association of ET-1 with markers of arterial stiffness along with its potential 

determinants in a black and white South African cohort. 

 

2. Materials and Methods 

2.1. Study Population and Protocol. Cross-sectional data from the Sympathetic Activity and Ambulatory 

Blood Pressure in Africans (SABPA) study was used including 194 black (men: n = 99; women: n = 95) 

and 197 white (men: n = 99; women: n = 98) South Africans. Detailed information regarding the 
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procedures of the SABPA study has been published previously [22]. Patients who were pregnant, were 

lactating, and were using alpha and beta blockers and patients with an ear temperature Ó37ÁC and who 

had a vaccination or donated blood 3 months prior to participation were excluded from the prospective 

cohort study. However, in the current analysis we excluded outliers of ET-1 (n = 10) by residual statistics 

with participants with missing ET-1 data (n = 6). A standard health survey was used for the collection of 

demographic information and anti-hypertension medication usage. The Health Research Ethics 

Committee of the North-West University, Potchefstroom Campus, granted ethical approval for this 

substudy (NWU-00036-07-A6). The study protocol conforms to the ethical guidelines of the Declaration 

of Helsinki (as revised in 2008) for the investigation on human subjects. 

 

2.2. Anthropometric Measurements. Body composition of each participant was obtained in triplicate 

according to standard procedures [23]. The body height was measured to the nearest 1.0 cm (Invicta 

Plastics 1465, Leicester, UK) and body mass to the nearest 0.1 kg (Precision Health Scale, A&D 

Company, Tokyo, Japan). Waist circumference was measured with a nonstretchable metal flexible 

measuring tape (Holtain Ltd., Dyfed, UK) and body mass index rounded to 1 decimal point [24]. 

 

2.3. Cardiovascular Measurements. The cardiovascular measurements were taken in a semirecumbent 

position for each participant. Five-minute continuous measurements of cardiovascular variables were 

recorded using the validated Finometer (Finapres Medical Systems, Amsterdam, Netherlands), based on 

the vascular unloading technique of Peñáz, and were processed with the Beatscope 1.1 software to obtain 

systolic blood pressure, diastolic blood pressure, mean arterial pressure, pulse pressure, stroke volume 

and arterial compliance [25]. The Complior SP Acquisition System (Artech-Medical, Pantin, France) was 

used to measure pulse wave velocity from the carotid to dorsalis pedis. 

 

2.4. Biochemical Analyses. A fasting blood sample was collected from each participant and serum 

prepared according to standard procedures. Serum samples were frozen at -80°C until analysed. ET-1 was 

determined by an ET-1 Quantikine enzyme linked immunosorbent assay (ELISA) (R&D Systems, 

Minneapolis, MN, USA). Intra- and interassay variability for ET-1 were 2.7% and 17.15%, respectively. 

Serum interleukin-6 was determined with a high sensitivity interleukin-6 Quantikine ELISA (R&D 
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Systems, Mineapolis, MN, USA). Intra- and interassay variation of interleukin-6 were 4.2% and 6.4%, 

respectively. Serum cotinine was determined with a homogenous immunoassay on a Roche Modular 

system (Roche, Basil, Switzerland). Fasting lipids (triglycerides, total and high density lipoprotein 

cholesterol), glycated hemoglobin A1c, C-reactive protein and gamma glutamyl transferase were 

determined using two sequential multiple analysers in serum samples (Konelab 20i, Thermo Scientific, 

Vantaa, Finland, and Unicel DXC 800, Beckman and Coulter, Germany). Intra- and interassay variability 

were less than 10%. Gamma glutamyl transferase was used as an indication of alcohol abuse and cotinine 

for smoking [26,27]. Low density lipoprotein cholesterol was calculated with the Friedewald formula: 

low density lipoprotein cholesterol = Total cholesterol ï high density lipoprotein cholesterol ï 

(triglycerides/2.2), provided that no value of triglycerides inserted is higher than 4000 mmol/L [28]. 

Urinary albumin and creatinine levels were determined (Konelab 20i, Thermo Scientific, Vantaa, Finland; 

Unicel DXC 800, Beckman and Coulter, Germany) and the albumin:creatinine ratio was calculated [29]. 

Estradiol levels were determined using an electrochemiluminescence immunoassay (ECLIA) (Elecsys 

2010, Roche, Basil, Switzerland). Intra- and interassay variability were less than 10% for both 

albumin:creatinine ratio and estradiol. 

  

2.5. Statistical Analyses. G*Power version 3.1.9.2 software was used to compute the achieved power in 

post hoc analysis to determine a fixed model, single regression coefficient for black women in linear 

regression analysis [30]. At Ŭ error probability of 0.05, effect size (f2) of 0.15, and one-tailed input 

method, the achieved power (1-ɓ error probability) was estimated at 98.21%. Statistical analyses were 

done using IBM SPSS Statistics version 22 (IBM Corp., Armonk, NY, USA, 2013). Main effects of race 

and sex were tested on the associations between ET-1 and cardiovascular components by means of 

multiple regression. t-tests were used to compare means and Chi-square tests to compare proportions 

between the groups. Bivariate and partial correlations were used to determine the correlation of ET-1 with 

cardiovascular and biochemical variables. Forward stepwise multiple regression analyses were performed 

to determine independent associations between ET-1 and cardiovascular measures. We applied a 

sensitivity analysis for estradiol and anti-hypertension medication as covariates in the same multiple 

regression models. 
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The following covariates were considered for entry into the models: age, waist circumference, gamma 

glutamyl transferase, glycated hemoglobin A1c, high density lipoprotein cholesterol, albumin:creatinine 

ratio, and interleukin-6. Each model included a main independent measure of vascular function or arterial 

stiffness, that is, model 1 with systolic blood pressure, model 2 with pulse pressure, model 3 with arterial 

compliance and model 4 with pulse wave velocity, whereas ET-1 was the designated dependent variable. 

Additionally in model 3 (pulse wave velocity) mean arterial pressure was added to the list of covariates. 

Graphpad v5.03 (GraphPad Software, Inc., San Diego, California, USA) was used to plot endothelin-1 

against systolic blood pressure, pulse pressure, pulse wave velocity and arterial compliance in black 

women only (Figure 1). 

 

3. Results 

Basic descriptive characteristics of this study population are listed in Table 1. Due to significant 

interactions on the association of ET-1 with systolic blood pressure, the population was stratified 

according to race (F(391) = 6.78; p < 0.001) and sex (F(391) = 2.39; p < 0.05).  

 

There was no significant difference in ET-1 levels between the black and white groups before adjusting 

for C-reactive protein. We additionally adjusted for C-reactive protein to investigate the effect of 

inflammation on ET-1 levels. After adjusting for C-reactive protein, the ET-1 levels were significantly 

higher in black men than white men, and higher in white women than black women (all p  < 0.001). Black 

men and women had higher systolic blood pressure, diastolic blood pressure, mean arterial pressure and 

pulse wave velocity in comparison with their white counterparts (all p < 0.05). C-reactive protein, 

interleukin-6 and glycated hemoglobin A1c were higher in the black compared to the white groups (all p 

< 0.05). White participants had higher low density lipoprotein cholesterol and total cholesterol levels in 

comparison with black individuals (p < 0.001). Gamma glutamyl transferase levels were higher in black 

men and women (p < 0.001), with no significant difference in cotinine levels between the two groups.  

 

In bivariate analysis (see Supplementary Table 1 in Supplementary Material available online at 

http://dx.doi.org/10.1155/2015/481517), no correlations were evident between ET-1 and cardiovascular or 

biochemical variables in men. A positive correlation was observed between ET-1 and systolic blood 
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pressure (r =  0.27; p = 0.008), pulse pressure (r =  0.25; p = 0.014) and pulse wave velocity (r =  0.23; p 

=  0.026) in black women only (Figure 1). In white women a positive correlation was observed between 

ET-1 and stoke volume (r =  0.23; p = 0.026). A positive correlation was observed between ET-1 and age 

(r =  0.26; p = 0.009), interleukin-6 (r =  0.27; p = 0.007), high density lipoprotein cholesterol (r =  0.23; p 

=  0.026), and a borderline positive correlation with mean arterial pressure (r =  0.20; p = 0.053) in black 

women.  

 

After adjustments for body mass index and gamma glutamyl transferase (Table 2), the positive correlation 

remained between ET-1 and interleukin-6 (r =  0.22; p = 0.031), high density lipoprotein cholesterol (r =  

0.25; p = 0.017), systolic blood pressure (r =  0.26; p =0.013), pulse pressure (r =  0.23; p = 0.025), pulse 

wave velocity (r =  0.20; p = 0.050) and a borderline positive correlation with mean arterial pressure (r =  

0.19; p = 0.063) in the black women. An inverse correlation between ET-1 and arterial compliance (r =  ï

0.24; p = 0.018) also emerged in black women. The correlation between ET-1 and stroke volume 

persisted in white women (r =  0.24; p = 0.021).  

 

Since no significant correlations existed in men, the forward stepwise multiple regression analyses were 

only performed in women. The previous association between ET-1 and stroke volume in white women 

disappeared (Adj. R
2 
= 0.025; ɓ = 0.12; p = 0.55). In black women (Table 3), an independent association 

of ET-1 with systolic blood pressure (Adj. R
2 
= 0.178; ɓ = 0.269; p = 0.005), pulse pressure (Adj. R

2 
= 

0.159; ɓ = 0.233; p = 0.017) and mean arterial pressure (Adj. R
2 

= 0.149; ɓ = 0.211; p = 0.031) was 

confirmed, but no association with pulse wave velocity (Adj. R
2 

= 0.149; ɓ = 0.197; p = 0.197) and 

arterial stiffness (Adj. R
2 
= 0.142; ɓ = ï0.018; p = 0.880) was confirmed. ET-1 also associated with high 

density lipoprotein cholesterol (all models p < 0.05) and interleukin-6 (all models p < 0.01) in all four 

models and with age in model 4 (Adj.R
2 
= 0.142; ɓ = 0.199; p = 0.047). 

 

3.1. Sensitivity Analysis. After performing the same multiple regression analyses and additionally 

correcting for estrogen and hypertension medication, no change was observed in the previous association 

of ET-1 with systolic blood pressure (Adj. R
2 
= 0.178; ɓ = 0.269; p = 0.005), pulse pressure (Adj. R

2 
= 
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0.159; ɓ = 0.233; p = 0.017), pulse wave velocity (Adj. R
2 
= 0.149; ɓ = 0.197; p = 0.197), and arterial 

compliance (Adj. R
2 
= 0.142; ɓ = ï0.018; p = 0.880) in black women. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1: Endothelin-1 with systolic blood pressure, pulse pressure, pulse wave velocity and arterial 

compliance in black women only 
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TABLE 1: Population characteristics stratified by race and sex 

Values are arithmetic mean ± standard deviation, geometric mean (5th and 95th confidence interval), or number of participants. *Analysis of covariance was performed by adjusting for C-reactive 

protein only. 
  

Variable 
Men (n = 198) Women (n = 193) 

Black (n = 99) White (n = 99) p value Black (n = 95) White (n = 98) p value 

Age (years) 43.1 ± 8.08 45.0 ± 11.1 0.18 45.6 ± 7.95 44.7 ± 10.7 0.52 

Body mass index (kg/m2) 27.6 ± 5.80 29.1 ± 5.23 0.061 32.9 ± 7.29 26.1 ± 5.62 <0.001 

Waist circumference (mm) 93.6 ± 15.5 101.7 ± 14.5 <0.001 93.9 ± 15.6 87.8 ± 13.0 <0.001 

Cardiovascular variables 

Systolic blood pressure (mmHg) 146.0 ± 21.0 137.0 ± 13.0 <0.001 136.0 ± 14.0 132.0 ± 15.0 0.042 

Diastolic blood pressure (mmHg) 86.0 ± 11.0 80.0 ± 8.0 <0.001 77.0 ± 8.0 73.0 ± 7.00 <0.001 

Pulse pressure (mmHg) 61.0 ± 8.0 56.0 ± 7.0 0.018 50.0 ± 10.0 46.0 ± 7.00 0.80 

Mean arterial pressure (mmHg) 111.0 ± 14.0 102.0 ± 9.0 <0.001 101.0 ± 9.0 97.0 ± 9.00 <0.001 

Stroke volume (mL) 101.0 ± 25.6 103.0 ± 20.4 0.48 102.0 ± 30.0 93.0 ± 24.0 0.014 

Arterial compliance (mL/mmHg) 1.89 ± 0.42 2.33 ± 0.52 <0.001 1.86 ± 0.42 1.88 ± 0.40 0.65 

Pulse wave velocity (m/s) 9.18 ± 2.29 8.62 ± 1.34 0.039 8.19 ± 1.39 7.47 ± 1.19 <0.001 

Hypertension status, n (%) 64 (64.6) 85 (85.9) <0.001 63 (66.3) 87 (88.8) <0.001 

Anti-hypertensive medication, n (%) 35 (17.7) 14 (7.1) <0.001 33 (16.9) 12 (6.2) 0.019 

Biochemical variables 

Endothelin-1 (pg/mL)* 2.06 ± 1.67 1.92 ± 1.69 <0.001 1.74 ± 1.87 1.90 ± 1.72 <0.001 

C-Reactive Protein (mg/L) 2.73 (0.27 ï 16.1) 1.82 (0.99 ï 8.20) 0.003 7.09 (0.78 ï 35.7) 2.22 (0.99 ï 14.3) <0.001 

Interleukin-6 (pg/mL) 1.95  (0.33 ï 3.57) 0.87 (0.27 ï 2.90) 0.032 1.24 (0.41 ï 3.06) 0.95 (0.29 ï 3.63) 0.016 

Glycated hemoglobin A1c (%) 6.16 (5.20 ï 9.60) 5.65 (5.10 ï 6.60) 0.032 5.79 (5.10 ï 6.60) 5.36 (4.99 ï 5.90) <0.001 

High density lipoprotein cholesterol (mmol/L) 1.04 ± 0.34 1.00 ± 0.27 0.36 1.20 ± 0.31 1.42 ± 0.42 <0.001 

Low density lipoprotein cholesterol (mmol/L) 2.86 ± 0.95 3.91 ± 1.07 <0.001 3.05 ± 1.09 3.94 ± 1.11 <0.001 

Total cholesterol (mmol/L) 4.72 ± 1.17 5.59 ± 1.21 <0.001 4.46 ± 1.21 5.54 ± 1.31 <0.001 

Triglycerides (mmol/L) 1.46 (0.57 ï 4.96) 1.30 (0.54 ï 3.16) 0.16 1.11 (0.42 ï 2.13) 0.81 (0.40 ï 2.22) 0.13 

Albumin:creatine ratio (mg/mmol/L) 1.46 ± 1.81 0.40 ± 0.99 <0.001 1.73 ± 3.54 0.80 ± 1.60 0.019 

Cotinine (ng/mL) 62.9 (5.00 ï 275.0) 77.3 (1.00 ï 623.0) 0.50 48.4 (3.87 ï 271.1) 91.7 (6.00 ï 307.0) 0.21 

Gamma glutamyl transferase(U/L) 63.0 (23.6 ï 382.9) 27.5 (11.0 ï 101.9) <0.001 35.6 (16.7 ï 116.6) 14.2 (6.00 ï 41.0) <0.001 
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TABLE 2: Partial correlations of endothelin-1 with cardiometabolic variables adjusted for body mass index and gamma glutamyl transferase. 

 

 Endothelin-1 (pg/mL) 

 Men (n = 198) Women (n = 193) 

 Black (n = 99) White (n = 99) Black (n = 95) White (n = 98) 

Cardiovascular variables 

Systolic blood pressure (mmHg) r =  0.097; p = 0.35 r =  0.078; p = 0.45 r =  0.26; p = 0.013 r =  0.12; p = 0.23 

Diastolic blood pressure (mmHg) r =  0.028; p = 0.79 r =  0.15; p = 0.16 r =  0.11; p = 0.27 r =  ï0.047; p = 0.65 

Pulse pressure (mmHg) r =  0.11; p = 0.28 r =  ï0.022; p = 0.83 r =  0.23; p = 0.025 r =  0.18; p = 0.080 

Heart rate (beats per minute) r =  ï0.050; p = 0.64 r =  ï0.002; p = 0.99 r =  0.16; p = 0.13 r =  ï0.11; p = 0.29 

Mean arterial pressure (mmHg) r =  0.061; p = 0.56 r =  0.105; p = 0.31 r =  0.19; p = 0.063 r =  0.048; p = 0.64 

Stroke volume (mL) r =  0.12; p = 0.26 r =  ï0.103; p = 0.31 r =  ï0.001; p = 0.99 r =  0.24; p = 0.021 

Arterial compliance (mL/mmHg) r =  0.012; p = 0.91 r =  ï0.064; p = 0.53 r =  ï0.24; p = 0.018 r =  0.11; p = 0.29 

Pulse wave velocity (m/s) r =  0.13; p = 0.21 r =  0.15; p = 0.14 r =  0.20; p = 0.050 r =  0.11; p = 0.29 

Biochemical variables 

Interleukin-6 (pg/mL) r =  ï0.031; p = 0.76 r =  ï0.15; p = 0.14 r =  0.22; p = 0.031 r =  ï0.14; p = 0.16 

Glycated hemoglobin A1c  (%) r =  ï0.047; p = 0.65 r =  0.004; p = 0.97 r =  0.12; p = 0.27 r =  0.007; p = 0.95 

Total cholesterol (mmol/L) r =  0.064; p = 0.53 r =  0.050; p = 0.62 r =  0.044; p = 0.67 r =  ï0.070; p = 0.50 

High density lipoprotein cholesterol (mmol/L) r =  0.050; p = 0.63 r =  0.16; p = 0.12 r =  0.25; p = 0.017 r =  0.060; p = 0.56 

Triglycerides (mmol/L) r =  0.077; p = 0.46 r =  0.081; p = 0.43 r =  ï0.020; p = 0.85 r =  ï0.023; p = 0.82 

Albumin:creatinine ratio (mg/mmol/L) r =  0.058; p = 0.57 r =  ï0.065; p = 0.53 r =  0.042; p = 0.68 r =  0.087; p = 0.40 
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TABLE 3: Forward stepwise regression analyses of endothelin-1 with measures of arterial stiffness in 

black women.  

Covariates considered for entry into the models included age, waist circumference, gamma glutamyl transferase, glycated 

hemoglobin A1c, high density lipoprotein, albumin:creatinine ratio, total cholesterol, interleukin-6 and in model 3 additionally 

mean arterial pressure. 

 

  

 Endothelin-1 (pg/mL) (n = 95) 

Model 1: systolic blood pressure 
Adj. R2 = 0.178 

Std ɓ (95% CI) p value 

Systolic blood pressure (mmHg) 0.269 (0.083 ï 0.455) 0.005 

Interleukin-6 (pg/mL) 0.290 (0.104 ï 0.476) 0.003 

High density lipoprotein cholesterol (mmol/L) 0.203 (0.047 ï 0.419) 0.016 

Model 2: pulse pressure 
Adj. R2 = 0.159 

Std ɓ (95% CI) p value 

Pulse pressure (mmHg) 0.233 (0.045 ï 0.421) 0.017 

Interleukin-6 (pg/mL) 0.278 (0.090 ï 0.466) 0.005 

High density lipoprotein cholesterol (mmol/L) 0.231 (0.043 ï 0.419) 0.018 

Model 3: pulse wave velocity 
Adj. R2 = 0.149 

Std ɓ (95% CI) p value 

Interleukin-6 (pg/mL) 0.296 (0.108 ï 0.484) 0.003 

High density lipoprotein cholesterol (mmol/L) 0.239 (0.051 ï 0.427) 0.015 

Mean arterial pressure 0.211 (0.023 ï 0.399) 0.031 

Model 4: arterial compliance 
Adj. R2 = 0.142 

Std ɓ (95% CI) p value 

Interleukin-6 (pg/mL) 0.258 (0.066 ï 0.450) 0.010 

Age (Years) 0.199 (0.005 ï 0.393) 0.047 

High density lipoprotein cholesterol (mmol/L) 0.209 (0.017 ï 0.401) 0.036 
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4. Discussion 

It was previously shown that the black population are predisposed to early vascular alterations compared 

to white individuals [19-21]; however, limited information is available on the link between ET-1 and 

arterial stiffness within a bi-ethnic South African population. Our results indicated an independent 

association of ET-1 with systolic blood pressure and pulse pressure in black women only. We also found 

an independent association between ET-1 and interleukin-6, suggesting that the link between ET-1 and 

subclinical vascular dysfunction may be mediated by pro-inflammation. Our study further contributes to 

the lack of information regarding ET-1 and cardiovascular function in black populations from sub-

Saharan Africa, especially in black women prone to arterial stiffness and hypertensive heart disease. 

 

Levels of ET-1 were not different between race groups in our study population, however after considering 

C-reactive protein as confounding variable through univariate analysis of covariance, there was a 

significant difference in ET-1 levels between race groups. White women had higher levels of ET-1 than 

black women in our population. This is in contradiction with other studies that found that black 

individuals have higher ET-1 levels than whites [20,31-33]. The link observed between ET-1 and pulse 

pressure and systolic blood pressure in black women with lower ET-1 levels compared to the other groups 

may suggest that even at this low ET-1 concentrations cardiovascular changes are present and potentially 

driven by an inflammatory condition as depicted by high C-reactive protein levels and higher prevalence 

of overweight and obesity. Black men have higher ET-1 levels in our study than white men. This 

coincides with other studies [20,31-33]. Since the black population is also subjected to the development 

of early vascular deterioration, especially in pulse pressure and systolic blood pressure in black women, 

our result may support this trend in black urbanized women [3]. The lack of association between ET-1 

and more pronounced measures of arterial stiffness (pulse wave velocity and arterial compliance) may be 

due to the younger age of this cohort and these overt changes had not yet occur, apart from higher C-

reactive protein levels and marked overweight.  

 

Our study also found a positive association between systolic blood pressure and ET-1 levels, only in 

black women. Some studies found no difference in ET-1 levels between normotensive and hypertensive 

participants, whereas other studies suggested a possible link between elevated ET-1 and increasing 
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systolic blood pressure [34-36]. The activation of receptor-bound ET-1 is associated with growth and pro-

inflammatory effects and the remodeling of resistance arteries via increased oxidative stress and 

consequent vascular endothelial dysfunction [11,34]. ETA receptor activation causes vasoconstriction, 

enhancement of nerve-stimulated adrenal catecholamine release, and positive inotropy which in turn may 

increase blood pressure [20,35,37] while ETB receptor produces vasodilation, increases sodium excretion, 

and inhibits growth and inflammation [38]. The black population have both ETA and ETB receptors on 

vascular smooth muscle cells, but the total number of ETB receptors is lower than that in the white 

population. Although our study did not assess ET receptors, the decrease of ETB receptor ratio on 

vascular smooth muscle cells previously indicated in black populations [20] could be favoring 

vasoconstriction-promoting receptors, providing a possible explanation for the association of ET-1 with 

increased systolic blood pressure [20,21,36]. Even though the black men have higher pulse pressure and 

pulse wave velocity levels than black women, the lack of association of these markers with ET-1 might 

suggest that black men of this population are already subjected to subclinical organ damage at 

macrovascular and cardiac level. It is possible that ET-1 could correlate with markers of myocardial 

damage instead; unfortunately we lack the data to investigate this hypothesis.   

 

Prolonged elevated blood pressure was found to lead to increased ET-1 and interleukin-6 levels 

[16,17,39]. We found higher levels of interleukin-6 and C-reactive protein in the black population 

compared to the white population and only in black women. ET-1 related positively with interleukin-6. 

Previous studies have shown that the black population have higher levels of inflammatory markers, 

especially C-reactive protein and soluble urokinase plasminogen activator receptor compared to the white 

population [40,41]. The absence of these findings among white women  were discussed by Schutte et al 

[41] suggesting that obesity can be associated with chronic activation of the immune system leading to 

very high levels of inflammatory markers in the black women due to the fact that obesity is an 

inflammatory condition. Perivascular fat tissue may interact in an autocrine/paracrine manner with the 

endothelial cells (where ET-1 is released) subsequently contributing to endothelial dysfunction, often 

associated with markers of inflammation. ET-1 has previously been found to stimulate the release of 

interleukin-6 and has been implicated in the development of atherosclerosis and vascular dysfunction [7]. 

ET-1 and interleukin-6 have also been suggested to be involved in the proinflammatory effect of C-
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reactive protein [7]. Damage or infection to the endothelium causes ET-1 to bind to ETB receptors on 

smooth muscle cells and control the macrophages and its release of inflammatory cytokines such as tumor 

necrosis factor-alpha, interleukin-6, and interleukin-1 [7,17,42,43]. The aim of our study was not to 

investigate the role of inflammation and ET-1 in this population group; however we did find a link 

between interleukin-6 and ET-1. The absence of C-reactive protein associated with ET-1 in the population 

may be because there is a discrepancy in the adjustments for body composition.  

 

We also observed a positive association between ET-1 and high density lipoprotein cholesterol in our 

black female group. Previous studies have mentioned that black Africans are prone to hypertension and 

weight gain, which could lead to elevated high density lipoprotein cholesterol levels [41,44]. It is 

noteworthy to mention that the black women in this study population did not suffer from severe arterial 

stiffness and this may be explained by the protective nature of high density lipoprotein cholesterol having 

the ability to remove cholesterol from macrophage foam cells in the arterial wall and carry it to the liver 

for excretion into the bile, reducing the risk to atherosclerosis [45]. The positive association of ET-1 with 

high density lipoprotein cholesterol may counterregulate proinflammation until arterial stiffness manifests 

in this group. Although vascular inflammation can be limited by anti-inflammatory counterregulatory 

mechanisms that maintain the integrity and homeostasis of the vascular wall, chronic exposure to 

cardiovascular risk factors such as high blood pressure, tobacco overuse, obesity, physical inactivity and 

raised blood glucose may render these counterregulatory mechanisms defenseless [18]. Further studies 

could shed light on the precise mechanism by which ET-1 and inflammation are involved in the increase 

of pulse pressure and systolic blood pressure and subsequent cardiovascular disease in black women.  

  

The results of this study need to be interpreted within the context of its limitations and strengths. This was 

a cross-sectional study and we cannot pinpoint any cause or effect. Pulse wave velocity was measured in 

our group; unfortunately femoral pulse wave velocity could not be obtained. Although the results were 

consistent after multiple adjustments, we cannot exclude residual confounding. Further data on autonomic 

and endothelial function are needed to delineate possible physiological mechanisms at play. The strength 

of the study can be measured on the basis that it was a well-designed study under controlled conditions 

(two ethnic and homogenous socioeconomic groups).  
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In conclusion, ET-1 independently associated with systolic blood pressure, pulse pressure and interleukin-

6 in black women. Our result suggests that ET-1 and its link with subclinical arteriosclerosis are 

potentially driven by low-grade inflammation as depicted by interleukin-6 in the black female cohort. 
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SUPPLEMENTARY INFORMATION  
 

SUPPLEMENTARY TABLE 1: Single correlations of endothelin-1 with cardiovascular and metabolic markers in black and white men and women. 

 Endothelin-1 (pg/mL) 

 Men (n = 198) Women (n = 193) 

 Black (n = 99) White (n = 99) Black (n = 95) White (n = 98) 

Age (years) r = 0.041; p = 0.69 r = ï0.104; p = 0.30 r = 0.26; p = 0.009 r = ï0.006; p = 0.96 

Body mass index (kg/m
2
) r = 0.030; p = 0.77 r = 0.065; p = 0.52 r = 0.17; p = 0.093 r = 0.056; p = 0.58 

Waist circumference (mm) r = 0.055; p = 0.59 r = 0.096; p = 0.34 r = 0.14; p = 0.17 r = 0.051; p = 0.62 

Cardiovascular variables 

Systolic blood pressure (mmHg) r = 0.12; p = 0.24 r = 0.049; p = 0.63 r = 0.27; p = 0.008 r = 0.14; p = 0.18 

Diastolic blood pressure (mmHg) r = 0.048; p = 0.65 r = 0.153; p = 0.13 r = 0.12; p = 0.27 r = -0.024; p = 0.82 

Pulse pressure (mmHg) r = 0.14; p = 0.19 r = ï0.069; p = 0.50 r = 0.25; p = 0.014 r = 0.19; p = 0.063 

Mean arterial pressure (mmHg) r = 0.087; p = 0.40 r = 0.089; p = 0.38 r = 0.20; p = 0.053 r = 0.065; p = 0.52 

Stroke volume (mL) r = 0.13; p = 0.22 r = ï0.093; p = 0.36 r = 0.11; p = 0.30 r = 0.23; p = 0.026 

Arterial compliance (mL/mmHg) r = ï0.008; p = 0.94 r = ï0.011; p = 0.91 r = ï0.078; p = 0.45 r = 0.13; p = 0.22 

Pulse wave velocity (m/s) r = 0.15; p = 0.15 r = 0.118; p = 0.25 r = 0.23; p = 0.026 r = 0.11; p = 0.27 

Biochemical analyses 

C-Reactive Protein (mg/L) r = 0.015; p = 0.88 r = 0.178; p = 0.078 r = 0.090; p = 0.38 r = ï0.016; p = 0.87 

Interleukin-6 (pg/mL) r = ï0.017; p = 0.87 r = ï0.139; p = 0.17 r = 0.27; p = 0.007 r = ï0.118; p = 0.25 

Glycated hemoglobin A1c (%) r = ï0.024; p = 0.81 r = 0.020; p = 0.84 r = 0.16; p = 0.13 r = 0.010; p = 0.92 

High density lipoprotein cholesterol (mmol/L) r = 0.040; p = 0.69 r = 0.137; p = 0.18 r = 0.23; p = 0.026 r = 0.041; p = 0.69 

Low density lipoprotein cholesterol (mmol/L) r = 0.025; p = 0.81 r = ï0.040; p = 0.69 r = 0.011; p = 0.91 r = ï0.090; p = 0.38 

Total cholesterol (mmol/L) r = 0.100; p = 0.32 r = 0.004; p = 0.97 r = 0.082; p = 0.43 r = ï0.059; p = 0.56 

Triglycerides (mmol/L) r = 0.155; p = 0.12 r = ï0.010; p = 0.92 r = 0.030; p = 0.77 r = 0.002; p = 0.98 

Albumin-to-creatinine ratio (mg/mmol/L) r = 0.040; p = 0.70 r = ï0.069; p = 0.50 r = 0.046; p = 0.66 r = 0.093; p = 0.36 

Cotinine (ng/mL) r = ï0.17; p = 0.32 r = 0.044; p = 0.87 r = 0.28; p = 0.24 r = 0.65; p = 0.41 

Gamma glutamyl transferase (U/L) r = 0.18; p = 0.075 r = ï0.170; p = 0.092 r = 0.15; p = 0.15 r = ï0.018; p = 0.86 
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ABSTRACT 

Both endothelin-1 and oxidative stress have important roles in the development of cardiovascular diseases 

such as hypertension and atherosclerosis. Limited information is available on the interaction between 

oxidative stress, the glutathione system and endothelin-1 in humans. We aimed to investigate the 

association of endothelin-1 with markers of oxidative stress and the antioxidant capacity in a bi-ethnic 

South African cohort. This cross-sectional study included 195 black and 198 white South-Africans. 

Serum endothelin-1 levels and oxidative stress-related markers such as reactive oxygen species (measured 

as serum peroxides), glutathione peroxidase, glutathione reductase, superoxide dismutase and catalase 

were measured. In single, partial and multiple regression analyses endothelin-1 correlated positively with 

glutathione reductase activity (adj. R
2 
= 0.10; ɓ = 0.232; P = 0.020) and negatively with antihypertension 

medication (P = 0.02) and tended to correlate with glutathione reductase-to-glutathione peroxidase ratio 

(adj. R
2 
= 0.10; ɓ = 0.19; P = 0.057) in black men. In white men, endothelin-1 correlated positively with 

reactive oxygen species (adj. R
2 
= 0.09; ɓ = 0.26; P = 0.01) and negatively with glutathione peroxidase 

activity (adj. R
2 

= 0.05; ɓ = ï0.23; P = 0.02). In black women, endothelin-1 correlated negatively with 

total glutathione (adj. R
2 

= 0.22; ɓ = ï0.214; P = 0.026).  Endothelin-1 may contribute to glutathione 

reductase upregulation through increased reactive oxygen species production mediated via endothelin-1 in 

black men. In white men, we observed a negative association between glutathione peroxidase and 

endothelin-1, describing the expected physiological relationship between endothelin-1 and reactive 

oxygen species. Higher total glutathione levels may act as a counter-regulatory mechanism to protect 

against oxidative vascular damage attributed by endothelin-1 in black women. 

  

Keywords: antioxidant capacity; endothelin-1; ethnicity; oxidative stress; reactive oxygen species 



91 

 

INTRODUCTION  

Endothelin-1 has an important physiological role in the maintenance of vascular tone.
1
 Under 

pathophysiological conditions, plasma endothelin-1 is elevated and causes enhanced vasoconstriction and 

endothelial dysfunction.
2-5

 Endothelial dysfunction is described as a precursor in the development of 

cardiovascular diseases related to hypertension, atherosclerosis and arteriosclerosis.
6-9

 

 

In addition to the role of endothelin-1 in the regulation of vascular tone, reactive oxygen species (ROS) 

are also important modulators in this regard.
1
 In response to increased production of ROS, antioxidant 

enzymes such as superoxide dismutase, catalase and the glutathione system (glutathione peroxidase (GPx) 

and glutathione reductase (GR)) are activated to maintain the balance between oxidants and 

antioxidants.
10,11

 However, when the production of ROS exceeds the availability of antioxidant defence 

mechanisms, it may have detrimental effects such as endothelial injury.
10,11

 Oxidative stress may, 

therefore, also have an important role in the development and progression of cardiovascular disease such 

as atherosclerosis.
9-13

 

 

The regulation of vascular tone via ROS is achieved through different mechanisms. The first involves the 

inactivation of the vasodilator, nitric oxide, by binding with superoxide.
14

 ROS also regulates vascular 

tone by increasing intracellular Ca
2+

 uptake in vascular smooth muscle cells, thereby inducing smooth 

muscle contraction and proliferation.
14

 Finally, experimental results indicated ROS can lead to increased 

production of endothelin-1,
12,15

 which may result in vasoconstriction by binding to ETA receptors.
16

 

Increased endothelin-1 may in turn lead to increased production of superoxide radicals.
12,15,17

 

 

Previous results from the sympathetic activity and ambulatory blood pressure in Africans (SABPA) study 

indicated that higher ROS levels in black men and lower GPx activity in black women are associated with 

higher blood pressure.
9,18

 It was also found that increased carotid intima-media thickness were associated 

with higher GR levels in black men and decreased total glutathione levels in hypertensive black men.
18,19

 

Additionally, increased endothelin-1 were also found to be independently associated with blood pressure 

and inflammatory markers in this population.
20

 These findings suggest that endothelin-1- and oxidative 

stress-related markers may contribute to the development of hypertension and subclinical atherosclerosis 
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in the sub-Saharan population. Although the link between endothelin-1 and oxidative stress were 

demonstrated in experimental studies (in vitro and in vivo), limited information is available on humans, 

especially in a South African context. We therefore aimed to investigate the association of endothelin-1 

with markers of oxidative stress and antioxidant capacity in a cohort of black and white individuals.  

 

METHODS 

Study population and protocol 

The SABPA study was a cross-sectional study that included 202 black and 208 white teachers from the 

Dr. Kenneth Kuanda Education District of the North-West Province of South Africa. Detailed information 

regarding the procedure of the SABPA study were published previously.
21

 Exclusion criteria for the 

SABPA study were pregnant or lactating women, individuals using Ŭ- and ɓ-blockers, participants with 

an ear temperature Ó37ÁC and those who had a vaccination or donated blood 3 months before 

participation. In the substudy, we included 195 black (men: n = 99; women: n = 96) and 198 white (men: 

n = 99; women: n = 99) South Africans. Excluded from the substudy were outliers of endothelin-1 (n = 

10) by residual statistics (3 x s.d.) as well as participants with missing endothelin-1 data (n = 6). A 

standard health survey was used for the collection of demographic information and anti-hypertension 

medication usage. The Health Research Ethics Committee of the North-West University, Potchefstroom 

campus, granted approval for this substudy. The study protocol conformed to the ethical guidelines of the 

Declaration of Helsinki for the investigation on human subjects.  

 

Anthropometric and physical activity measurements 

Waist circumference was measured with a non-stretchable metal flexible measuring tape (Holtain, Dyfed, 

UK) and body mass index was determined.
22

 The total energy expenditure was obtained in kcal per 24h 

by the Actical omnidirectional accelerometer (Mini Mitter, Bend, OR, USA and Montreal, QC, Canada) 

taking the resting metabolic rate into account.  

 

Biochemical analyses 

A fasting blood sample was collected from each participant and serum and plasma were prepared 

according to standard procedures. Serum and plasma samples were frozen at -80°C until analyzed. 
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Endothelin-1 was determined with a Quantikine enzyme-linked immunosorbent assay (R&D Systems, 

Minneapolis, MN, USA). Intra- and interassay variability for endothelin-1 were 2.7% and 17.2%, 

respectively. Serum interleukin-6 was determined with a high-sensitivity Quantikine enzyme-linked 

immunosorbent assay (R&D Systems). Intra- and interassay variation of interleukin-6 were 4.2% and 

6.4%, respectively. Serum cotinine was determined with a homogenous immunoassay on a Roche 

Modular system (Roche, Basil, Switzerland). Fasting lipids (total and high-density lipoprotein 

cholesterol), glycated hemoglobin A1c and ɔ-glutamyl transferase were determined using two sequential 

multiple analyzers in serum samples (Konelab 20i (Thermo Scientific, Vantaa, Finland) and Unicel DXC 

800 (Beckman and Coulter, Germany)). Intra- and interassay variability were <10%. Low-density 

lipoprotein cholesterol was calculated with the Friedewald formula: low-density lipoprotein cholesterol  = 

total cholesterol ï high density lipoprotein cholesterol ï (triglycerides/2.2) provided that no values of 

triglycerides inserted is higher than 4000 mmol l
-1
.
23

 Human immunodeficiency virus status was 

measured, using the First Response Kit (Premier Medical Corporation, Mumbai, India) as well as the 

Pareekshak test (Bhat Biotech, Bangalore, India). Estradiol levels were determined using an 

electrochemiluminescence immunoassay (Elecsys 2010; Roche, Basil, Switzerland). Intra- and interassay 

variability was <10%.  

 

One of the measurable ROS, namely total peroxides, was determined in serum samples.
24

 Total 

glutathione (GSH) levels were determined with the BIOXYTECH GSH/GSSG-412
 

supplied by 

OxisResearch, (Foster City, CA, USA). GPx and GR (EDTA plasma) and serum superoxide dismutase 

activities were determined with Assay Kits (Cayman Chemical Company, Ann Arbor, MI, USA), whereas 

serum catalase activity was determined with a Oxiselect Fluorometric Kit from Cell Biolabs (San Diego, 

CA, USA) with appropriate apparatus (Synergy H4hybrid Microplate Reader; BioTek, Winooski, VT, 

USA). The intra- and interassay variability of these analyses were <10%. Antioxidant enzyme ratios were 

calculated to assess antioxidant defenses and included the glutathione reductase-to-glutathione peroxidase 

ratio (GR-to-GPx ratio) and the glutathione peroxidase-to-superoxide dismutase ratio (GPx-to-SOD 

ratio).  
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Cardiovascular measurements 

The cardiovascular measurements were taken in a semi-recumbent position for each participant. Five 

minute continuous measurements of cardiovascular variables were recorded using the validated Finometer 

(Finapres Medical Systems, Amsterdam, The Netherlands), based on the vascular unloading technique of 

Peñáz and were processed with the Beatscope 1.1 software (Finapres Medical Systems, Amsterdam, The 

Nethderlands) to obtain systolic blood pressure and diastolic blood pressure.
25

 The Complior SP 

Acquisition System (Artech-Medical, Pantin, France) was used to measure pulse wave velocity from the 

carotid to dorsalis-pedis pulse sites.
26

  

 

Statistical analysis 

G*Power version 3.1.9.2 software (University of Kiel, Kiel, Germany) was used to compute the achieved 

power in post hoc analysis.
27

 At a probability of 0.05, effect size of 0.5 and one-tailed input method, the 

achieved power (1ïɓ error probability) was estimated at 96.86% in men and 96.66% in women. Statistical 

analyses were carried out using IBM SPSS Statistics version 23 (IBM Corp., Armonk, NY, USA; 2016). 

Main effects of race and sex were tested based on the association between endothelin-1- and oxidative 

stress-related markers by means of multiple regression. T-tests were used to compare means and X
2
 tests 

to compare proportions between the groups. Single and partial correlations were used to determine 

correlations of endothelin-1 with cardiovascular-, biochemical- and oxidative stress-related variables. 

Forward stepwise multiple regression analyses were performed to determine independent associations 

between endothelin-1- and oxidative stress-related variables. The main independent variables included 

GR and GPx in black men (Models 1 and 2, respectively), ROS and GPx in white men (Models 3 and 4, 

respectively) and GSH in black women (Model 5). Covariates considered for entry in the models included 

age, body mass index, total energy expenditure, interleukin-6, ɔ-glutamyl transferase, high-density 

lipoprotein cholesterol and antihypertension medication. We applied a sensitivity analysis for glycated 

hemoglobin A1c, human immunodeficiency virus infection status, estradiol, oral contraceptives and 

testosterone by adding these variables as covariates in applicable multiple regression models.  
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RESULTS 

Basic descriptive characteristics of this study population are listed in Table 1. Owing to significant 

interactions of race (F(391) = 2.33; P < 0.05) and sex (F(391) = 2.22; P < 0.05) on the association of 

endothelin-1 with GR, we stratified the population accordingly. 

 

There were no differences in endothelin-1 levels between the black and white groups. ROS was higher in 

black compared with that in white men (P = 0.008), but similar in women. GSH, GR, catalase, and GR-

to-GPx ratio were higher in black men and women compared with that in their white counterparts (all P Ò 

0.009). GPx was similar when comparing black and white men, whereas lower values were observed in 

black women (P < 0.001) compared with white women. GPx-to-SOD ratio were higher in black men than 

white men (P < 0.003), with no differences when comparing women. Interleukin-6, glycated hemoglobin 

A1c and ɔ-glutamyl transferase were higher in black men compared with women (all P Ò 0.032) than their 

white counterparts. Total cholesterol and low-density lipoprotein cholesterol were higher in white men 

and women (all P < 0.001) compared with their black counterparts. Systolic blood pressure, diastolic 

blood pressure and pulse wave velocity were higher in black men and women compared with the white 

groups (all P Ò 0.042). The prevalence of human immunodeficiency virus was higher among the black 

groups and both black men and women were more likely to use antihypertension medication than their 

white counterparts. 

 

In both single (Supplementary Table 1) and partial regression analyses after adjusting for age, body mass 

index, total energy expenditure and antihypertension medication (Table 2), endothelin-1 correlated 

positively with GR (P Ò 0.02) and GR-to-GPx ratio (P < 0.05) in black men only. In white men, a positive 

correlation existed between endothelin-1 and ROS (P Ò 0.03) and an inverse correlation between 

endothelin-1 and GPx (P Ò 0.03). In black women, a borderline correlation were found between 

endothelin-1 and GSH (P = 0.06).  No correlation existed in white women.  

 

In forward stepwise multiple regression analysis, we performed a separate model for each group based on 

previous findings in single and partial regression analyses (Table 3). In black men, an independent 

positive association of endothelin-1 with GR (Model 1: adj. R
2 
= 0.10; ɓ = 0.23; P = 0.02) was confirmed. 
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Additionally, in black men a borderline association between endothelin-1 and GR-to-GPx ratio (Model 2: 

adj. R
2 

= 0.05; ɓ = 0.19; P = 0.057) was observed. A negative association of endothelin-1 with 

antihypertension medication (Model 1: adj. R
2
 = 0.10; ɓ = ï0.24; P = 0.015; Model 2: adj. R

2
 = 0.05; ɓ = 

ï0.24; P = 0.016) was also confirmed in black men. An independent positive association between 

endothelin-1 and ROS (Model 3: adj. R
2
 = 0.09; ɓ = 0.26; P = 0.010) and a negative association between 

endothelin-1 and interleukin-6 (Model 3: adj. R
2
 = 0.09; ɓ = ï0.24; P = 0.016) were confirmed in white 

men. Additionally, a negative association between endothelin-1 and GPx (Model 4: adj. R
2 
= 0.045; ɓ = ï

0.23; P = 0.02), in white men, was confirmed. In Model 5, an independent negative association between 

endothelin-1 and GSH (adj. R
2 

= 0.22; ɓ = ï0.21; P = 0.026), as well as a positive association between 

endothelin-1 and age (adj. R
2
 = 0.22; ɓ = 0.23; P = 0.016), body mass index (adj. R

2
 = 0.22; ɓ = 0.34; P = 

0.001) and high-density lipoprotein cholesterol (adj. R
2
 = 0.22; ɓ = 0.23; P = 0.019) was found in black 

women. No significant correlations existed in white women.  

 

Sensitivity analyses 

After performing the same multiple regression analyses and additionally correcting for human 

immunodeficiency virus infection, glycated hemoglobin A1c, estradiol, hormonal contraceptive usage and 

testosterone, no change in the relationships between endothelin-1- and oxidative stress-related markers 

were found in men or women. An additional sensitivity analysis was performed by removing the 

participants using antihypertension medication and we found that a positive association of endothelin-1 

with GR (Model 1: adj. R
2
 = 0.141; ɓ = 0.303; P = 0.014), GR-to-GPx ratio (Model 2: adj. R

2
 = 0.150; ɓ = 

0.317; P = 0.010) and interleukin-6 (Model 1: adj. R
2
 = 0.141; ɓ = 0.288; P = 0.019; Model 2: adj. R

2
 = 

0.150; ɓ = 0.300; P = 0.015) was observed in black men.  
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Table 1 Population characteristics stratified by sex and race. 

Abbreviations: GPx-to-SOD ratio, glutathione peroxidase-to-superoxide dismutase ratio; GR-to-GPx ratio, glutathione reductase-to-glutathione peroxide ratio; H2O2, hydrogen 

peroxide. Values are arithmetic mean plus/minus s.d., geometric mean (5th and 95th confidence interval). 
a
1 U = 1mg l

-1
 H2O2. 

  

 Men (n = 198)  Women (n = 195)  

 Black (n = 99) White (n = 99) P-value Black (n = 96) White (n = 99) P-value 

Age (Years) 43.1 ± 8.08 45.0 ± 11.1 0.18 45.6 ± 7.95 44.7 ± 10.7 0.51 

Body mass index (kg m-2) 27.6 ± 5.81 29.1 ± 5.23 0.061 32.9 ± 7.29 26.0 ± 5.62 <0.001 

Waist circumference (cm) 93.6 ± 15.5 101.7 ± 14.5 <0.001 93.9 ± 15.6 84.8 ± 13.0 <0.001 

Total energy expenditure (kcal per day) 2723.3 ± 805.8 3659.3 ± 2069.5 <0.001 2664.2 ± 800.1 2577.7 ± 620.0 0.40 

Human immunodeficiency virus, n (%) 13 (13) 0 (0) <0.001 5 (5.21) 0 (0) 0.021 

Anti-hypertension medication, n (%) 35 (35.4) 14 (14.1) <0.001 33 (34.4) 12 (12.1) <0.001 

 

Biochemical variables 

Endothelin-1 (pg ml-1) 2.26 ± 0.81 2.16 ± 1.02 0.41 2.02 ± 0.96 2.19 ± 1.22 0.27 

Interleukin-6 (pg ml-1) 1.07 (0.93ï1.23) 0.87 (0.76ï0.99) 0.032 1.24 (1.06ï1.46) 0.95 (0.82ï1.10) 0.016 

Glycated hemoglobin A1c (%) 6.25 ± 1.23 5.67 ± 0.48 <0.001 5.85 ± 1.00 5.37 ± 0.30 <0.001 

Gamma glutamyl transferase (U l-1) 63.0 (54.7ï72.4) 27.5 (24.2ï31.3) <0.001 35.6 (31.4ï40.4) 14.2 (12.5ï16.2) <0.001 

Cotinine (ng ml-1) 62.9 (43.4ï91.2) 77.3 (31.1ï192.3) 0.60 48.5 (26.8ï87.4) 91.7 (36.1ï233.4) 0.21 

Total cholesterol (mmol l-1) 4.72 ± 1.17 5.59 ± 1.21 <0.001 4.46 ± 1.21 5.54 ± 1.31 <0.001 

High density lipoprotein cholesterol (mmol l-1) 1.04 ± 0.34 1.00 ± 0.27 0.36 1.20 ± 0.31 1.41 ± 0.43 <0.001 

Low density lipoprotein cholesterol (mmol l-1) 2.86 ± 0.95 3.91 ± 1.07 <0.001 2.80 ± 1.02 3.71 ± 1.07 <0.001 

 

Oxidative stress related variables 

Reactive oxygen species (Ua) 81.9 (78.1ï85.9)  75.2 (72.2ï78.4) 0.008 104.1 (98.6ï109.8) 98.3 (93.4ï103.5) 0.13 

Total Glutathione (ɛM) 929.5 ± 194.1 859.7 ± 180.4 0.009 868.8 ± 127.6 782.6 ± 163.0 <0.001 

Glutathione peroxidase (U ml-1) 34.6 ± 14.0 34.9 ± 7.83 0.85 31.9 ± 14.0 37.4 ± 7.90 <0.001 

Glutathione reductase (U ml-1) 7.71 (6.82ï8.71) 2.19 (1.75ï2.75) <0.001 6.43 (5.62ï7.34) 2.81 (2.34ï3.40) <0.001 

Superoxide dismutase (U ml-1) 3.92 (3.16ï4.86) 4.23 (3.92ï4.57) 0.50 4.69 (3.83ï5.74) 4.09 (3.67ï4.55) 0.23 

Catalase (U ml-1) 4.29 (3.92ï4.57) 4.25 (4.23ï4.28) 0.009 4.29 (4.28ï4.30) 4.23 (4.20ï4.25) <0.001 

GR-to-GPx ratio 0.34 ± 0.30 0.09 ± 0.07 <0.001 0.34 ± 0.46 0.10 ± 0.07 <0.001 

GPx-to-SOD ratio  17.2 ± 27.1 8.87 ± 4.6 0.003 10.9 ± 12.5 10.6 ± 6.95 0.85 

 

Cardiovascular variables 

Systolic blood pressure (mm Hg) 146.2 ± 20.6 136.5 ± 12.8 <0.001 136.4 ± 14.4 132.1 ± 15.2 0.042 

Diastolic blood pressure (mm Hg) 85.8 ± 11.0 80.2 ± 8.36 <0.001 77.3 ± 7.69 73.4 ± 6.72 <0.001 

Pulse wave velocity (m s-1) 9.18 ± 2.29 8.62 ± 1.34 0.039 8.19 ± 1.39 7.47 ± 1.20 <0.001 
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Table 2 Partial correlations of endothelin-1 with oxidative stress related and inflammatory markers. 

Abbreviations: GPx-to-SOD ratio, glutathione peroxidase-to-superoxide dismutase ratio; GR-to-GPx ratio, glutathione reductase-to-glutathione peroxide ratio, H2O2, hydrogen 

peroxide. Adjustments applied for age, body mass index, total energy expenditure and antihypertension medication.  
a
1 U = 1mg l

-1
 H2O2.  

 

 Endothelin-1 (pg ml
-1
) 

 Men (n = 198) Women (n = 195) 

 Black (n = 99) White (n = 99) Black (n = 96) White (n = 99) 

Biochemical variables 

Interleukin-6 (pg ml
-1
) r= 0.043; P=0.68 r=ï0.19; P=0.07 r= 0.12; P=0.27 r=ï0.10; P=0.32 

Glycated hemoglobin A1c (%) r=ï0.080; P=0.44 r=ï0.035; P=0.74 r= 0.020; P=0.85 r=ï0.071; P=0.50 

Gamma glutamyl transferase (U l
-1
) r= 0.19; P=0.07 r=ï0.13; P=0.21 r= 0.22; P=0.04 r=ï0.046; P=0.66 

Total cholesterol (mmol l
-1
) r= 0.10; P=0.31 r= 0.081; P=0.43 r=ï0.070; P=0.51 r=ï0.10; P=0.34 

High density lipoprotein cholesterol (mmol l
-1
) r= 0.14; P=0.18 r= 0.23; P=0.03 r= 0.23; P=0.03 r= 0.042; P=0.69 

Low density lipoprotein cholesterol (mmol l
-1
) r= 0.025; P=0.81 r= 0.061; P=0.56 r=ï0.15; P=0.17 r=ï0.14; P=0.19 

 

Oxidative stress and anti-oxidant variables 

Reactive oxygen species (U
a
) r=ï0.17; P=0.10 r= 0.23; P=0.03 r= 0.18; P=0.08 r= 0.039; P=0.71 

Total Glutathione (ɛM) r= 0.023; P=0.83 r=ï0.007; P=0.95 r=ï0.20; P=0.06 r= 0.063; P=0.55 

Glutathione peroxidase  (U ml
-1
) r=ï0.020; P=0.85 r=ï0.22; P=0.03 r=ï0.009; P=0.93 r=ï0.13; P=0.22 

Glutathione reductase (U ml
-1
) r= 0.23; P=0.02 r=ï0.13; P=0.23 r= 0.024; P=0.82 r=ï0.14; P=0.16 

Superoxide dismutase (U ml
-1
) r=ï0.18; P=0.10 r=ï0.16; P=0.13 r= 0.073; P=0.50 r= 0.060; P=0.56 

Catalase r=ï0.10; P=0.34 r=ï0.024; P=0.82 r=ï0.035; P=0.74 r=ï0.004; P=0.97 

GR-to-GPx ratio  r= 0.20; P=0.047 r=ï0.13; P=0.23 r= 0.001; P=0.99 r=ï0.10; P=0.33 

GPx-to-SOD ratio  r= 0.19; P=0.07 r= 0.055; P=0.60 r=ï0.090; P=0.39 r=ï0.13; P=0.23 

 

Cardiovascular variables 

Systolic blood pressure (mm Hg) r= 0.10; P=0.35 r= 0.013; P=0.90 r= 0.13; P=0.21 r= 0.083; P=0.43 

Diastolic blood pressure (mm Hg) r= 0.022; P=0.84 r= 0.11; P=0.29 r= 0.11; P=0.32 r=ï0.100; P=0.34 

Pulse wave velocity (m s
-1
) r= 0.15; P=0.16 r= 0.13; P=0.20 r= 0.11; P=0.31 r= 0.12; P=0.27 
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Table 3 Forward stepwise multiple regression analyses of endothelin-1 with measures of oxidative 

stress related markers   

 Endothelin-1 (pg ml
-1
) 

Black men (n = 99) Adj. R
2
=0.10 

Model 1: Std ɓ (95% CI) P-value 

Glutathione reductase (U ml
-1
) 0.232 (0.039ï0.424) 0.020 

Antihypertension medication ï0.243 (ï0.435 to ï0.051) 0.015 

  

Model 2: Adj. R
2
=0.051 

GR-to-GPx ratio 0.191 (0.003ï0.384) 0.057 

Anti-hypertension medication ï0.247 (ï0.443 to ï0.051) 0.016 

  

White men (n = 99)  

Model 3 Adj. R
2
=0.085 

Reactive oxygen species (U
a
) 0.257 (0.065ï0.449) 0.010 

Interleukin-6 (pg ml
-1
) ï0.240 (ï0.432 to ï0.048) 0.016 

  

Model 4 Adj. R
2
=0.045 

Glutathione peroxidase (U ml
-1
) ï0.233 (ï0.427 to ï0.039) 0.020 

  

Black women (n = 96)  

Model 5 Adj. R
2
=0.22 

Total glutathione (ɛM) ï0.214 (ï0.400 to ï0.028) 0.026 

Age (years) 0.232 (0.046ï0.418) 0.016 

Body mass index (kg m 
-2
)  0.342 (0.156ï0.528) 0.001 

High density liporprotein cholesterol (mmol l
-1
) 0.226 (0.040ï0.412) 0.019 

Abbreviations: CI, confidence interval; GR-to-GPx ratio, glutathione reductase-to-glutathione peroxidase ratio; 

H2O2, hydrogen peroxide; NS, not significant; Std ɓ, standardized regression ɓ-coefficients. 

Main independent variables included glutathione reductase, GR-to-GPx ratio, reactive oxygen species, glutathione 

peroxidase, and total glutathione respectively, for Models 1ï5. Covariates considered for entry: age, body mass 

index, total energy expenditure, interleukin-6, ɔ-glutamyl transferase, high density lipoprotein cholesterol, systolic 

blood pressure, and antihypertension medication.  
a
1 U = 1mg l

-1
 H2O2. 
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DISCUSSION 

To our knowledge, we are the first to describe a link of endothelin-1 with markers of oxidative stress and 

antioxidant capacity in a black and white cohort. Our results indicated an independent positive association 

of endothelin-1 with GR and GR-to-GPx ratio in black men. A previous study in our cohort, linked higher 

GR levels with increased carotid intima-media thickness.
19

 Increased endothelin-1 levels may lead to an 

increase in ROS production; however, increased ROS production can also lead to increased endothelin-1 

level, which in turn leads to an increase in anti-oxidant enzyme activity, such as GR.
28

  Therefore, our 

results suggests that endothelin-1 may have an indirect role in the upregulation of GR activity in this 

group and therefore contribute to the increased risk for the development of atherosclerosis often seen in 

the black population. Blood glutathione concentrations is an useful indicator of glutathione status in 

humans with cardiovascular diseases such as atherosclerosis and hypertension, and GR activity and GR-

to-GPx ratio similarly gives an indication of glutathione regeneration.
19,29

 Under normal physiological 

conditions, an increase in GR activity are indicative of increased regeneration potential to recycle GSSG 

to GSH and thereby make more GSH available for use in other enzyme reactions such as the inactivation 

of hydrogen peroxide by GPx.
29

 However, under pathophysiological conditions, such as hypertension, 

when there is an increase in hydrogen peroxide production, more GSH is consumed by GPx, which may 

lead to an even further upregulation of GR in attempt to maintain the redox balance.
29

 In this black male 

cohort, the positive association between endothelin-1 and GR activity may therefore be because of the 

upregulation of GR as a result of increased ROS production via endothelin-1-mediated stimulation of the 

NAD(P)H oxidase enzyme 
28

 Additionally, the increase in vascular ROS production may also impair 

endothelium-dependent NO-mediated relaxation by inactivating endogenous NO.
30,31

 A previous study 

has suggested that increased oxidative stress may counteract NO bioavailability by increasing NO 

inactivation in black men.
32

 This might be due to endothelin-1 also having the ability to counteract NO 

bioavailability,
33

 which suggests an interconnected role between endothelin-1 and oxidative stress. Even 

though antihypertension medication can protect the vasculature against increased endothelin-1-mediated 

vasoconstriction, we still observed an association between endothelin-1 and GR and GR-to-GPx ratio, 

when taking anti-hypertension medication usage into account. Although the black men and women were 

more likely to take antihypertension medication, it is noteworthy to mention that black people do not get 

the correct hypertension treatment. Thus, antihypertension medication is effective enough to lower blood 
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pressure and still show a similar physiological association between endothelin-1 and antioxidant capacity 

to maintain homeostasis. Even after removing the participants using antihypertension medication, the 

results remained robust in the black male group. This might suggest that antihypertension medication 

protects the vasculature against inflammatory markers released in response to the presence of endothelin-

1. Endothelial damage together with reduced NO bioavailability may alter the balance between vascular 

injury and repair, increasing the risk for atherosclerotic disease in black men of this population. 

 

In white men, endothelin-1 associated positively with ROS and negatively with GPx. The GPx enzyme 

has a critical role in the reduction of lipid peroxides and hydrogen peroxide.
34,35

 In this white male cohort, 

the positive association between endothelin-1 and ROS as well as the negative association between 

endothelin-1 and GPx activity may be as a result of nuclear factor- əB-mediated endothelin-1 synthesis. In 

turn, endothelin-1 then bind to ETA receptors on nuclear factor-əB, it may lead to the activation of 

angiotensin II stimulation of NADPH oxidase leading to ROS production
36,37

 as well as the induction of 

an inflammatory response in human vascular smooth muscle cells without the release of interleukin-6.
36

 

The negative association between endothelin-1 and interleukin-6 is contradictory to previous 

findings.
36,38,39

 This could be because of a chance finding or that come confounding variable, which we 

are unaware of, might contribute to this findings. Although similar GPx activity were observed in the 

white and black men of this study, white men had lower ROS levels, suggesting that the black men may 

be at a disadvantage as they have to scavenge more ROS with similar GPx activity, which may 

exaggerate the effect of endothelin-1 in the black men. Therefore, the opposite associations of endothelin-

1 with ROS and GPx activity may indicate the physiological relationship between these factors.  

 

In black women, we found a negative association of endothelin-1 with GSH. GSH levels is determined by 

the synthesis of GSH in the cell vs. the efflux of GSH out of the cell.
40

 The most important determinant of 

GSH synthesis is the availability of cysteine 
41

 while elevated cysteine levels inside endothelial cells may 

lead to injury, increasing inflammation in blood vessels and in turn leads to atherogenesis.
42,43

 A previous 

study demonstrated that endothelin-1 increases the uptake of cysteine into cells, but reduce the efflux of 

GSH out of the cell
41

 favoring the accumulation of cysteine in the cells. Furthermore it was demonstrated 

that black premenopausal women also had higher plasma total homocysteine levels than white women, 
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possibly due to lifestyle factors, and as homocysteine levels can also be converted to cysteine, it may 

further increase their risk for coronary artery disease such as atherosclerosis.
44

 Previous studies 

demonstrated that age and body mass index are associated with enhanced endothelin-1-mediated 

vasoconstriction that contributes to endothelial vasodilator dysfunction and may have a role in the 

increased prevalence of hypertension often seen in black men and women.
45-47

 On the other hand, black 

women also have elevated high-density lipoprotein cholesterol levels that provides a protective 

mechanism against oxidative stress, reducing the risk to cardiovascular diseases such as atherosclerosis.
44

 

This antiatheroprotective role might decrease the additional release of endothelin-1 and vasoconstriction 

in the smooth muscle cells in comparison with the black men in our cohort. Flagg et al. 
48

 found that men 

had higher levels of plasma glutathione compared with women and that the use of estrogen-containing 

oral contraceptives was associated with lower plasma glutathione levels. However, after we adjusted for 

estradiol and hormonal contraceptive usage, our results remained the same. Despite the negative role of 

endothelin-1 on GSH synthesis, this may suggest that the combined protective nature of GSH and high-

density lipoprotein cholesterol are still sufficient to counter regulate proinflammation, protecting the 

black women against vascular damage. A schematic representation of the possible mechanisms found 

from our results can be seen in Supplementary Figure 1.   

 

The results of this study need to be interpreted within the context of its limitations and strengths. This was 

a cross-sectional study and we cannot pinpoint any cause or effect. Although the results were consistent 

after multiple adjustments, we cannot exclude residual confounding. It is known that renin-angiotensin-

system inhibitors, calcium antagonists, diuretics, ɓ-blockers and aldosterone antagonists can also lower 

blood pressure;
49-53

 however, the amount of participants who use different types of medication were 

statistically incomparable in this study, and larger samples are needed to test the effects of blood pressure 

treatment on oxidative stress and antioxidant capacity markers. Therefore, a collective variable of overall 

antihypertension medication usage were used as a covariate in sensitivity analysis. This study lacked 

dietary data to quantify amino-acid (such as cysteine) and antioxidant intake. The strength of this study 

can be measured on the basis of its design and implementation under controlled conditions (two ethnic 

and homogenous socioeconomic groups). The inclusion of various factors involved in oxidative stress 
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aided to elucidate the mechanistic relationships between endothelin-1- and oxidative stress-related 

markers within this population.  

 

In conclusion, our study suggests that in black men, endothelin-1 may contribute to GR upregulation 

through increased ROS production mediated via endothelin-1, whereas the expected physiological 

tendency between endothelin-1 and ROS was observed in white men. In black women, higher total GSH 

levels may act as a counter-regulatory mechanism to protect against oxidative vascular damage attributed 

by endothelin-1. 
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SUPPLEMENTARY INFORMATION  

Supplementary Table 1 Single regression correlations of endothelin-1 with oxidative stress, antioxidant and inflammatory variables  

Abbreviations: GPx-to-SOD ratio, glutathione peroxidase-to-superoxide dismutase ratio; GR-to-GPx ratio, glutathione reductase-to-glutathione peroxide ratio; H2O2, hydrogen 

peroxide. 
a
1 U = 1mg l

-1
 H2O2.  

 Endothelin-1 (pg ml
-1
) 

 Men (n = 198) Women (n = 195) 

 Black (n = 99) White (n = 99) Black (n = 96) White (n = 99) 

Age (years) r= 0.064; P=0.53 r=ï0.13; P=0.19 r= 0.31; P=0.002 r= 0.052; P=0.61 

Body mass index (kg m
-2
) r= 0.13; P=0.19 r= 0.020; P=0.85 r= 0.28; P=0.006 r= 0.074; P=0.47 

Waist circumference (cm) r= 0.17; P=0.10 r= 0.054; P=0.60 r= 0.29; P=0.005 r= 0.085; P=0.40 

Total energy expenditure (kcal per day) r= 0.067; P=0.51 r= 0.090; P=0.37 r= 0.19; P=0.07 r= 0.12; P=0.23 

Biochemical variables 

Interleukin-6 (pg ml
-1
) r= 0.10; P=0.31 r=ï0.20; P=0.05 r= 0.21; P=0.04 r=ï0.085; P=0.40 

Glycated hemoglobin A1c (%) r=ï0.061; P=0.55 r=ï0.030; P=0.77 r= 0.18; P=0.08 r=ï0.038; P=0.71 

Gamma glutamyl transferase (U l
-1
) r= 0.22; P=0.03 r=ï0.14; P=0.16 r= 0.26; P=0.01 r=ï0.11; P=0.91 

Total cholesterol (mmol l
-1
) r= 0.099; P=0.33 r= 0.043; P=0.67 r= 0.049; P=0.64 r=ï0.049; P=0.63 

High density lipoprotein cholesterol (mmol l
-1
) r= 0.05; P=0.57 r= 0.16; P=0.11 r= 0.22; P=0.04 r= 0.053; P=0.60 

Low density lipoprotein cholesterol (mmol l
-1
) r= 0.030; P=0.77 r= 0.025; P=0.81 r=ï0.039; P=0.71 r=ï0.088; P=0.39 

Oxidative stress and anti-oxidant variables 

Reactive oxygen species (U
a
) r=ï0.10; P=0.33 r= 0.22; P=0.03 r= 0.25; P=0.02 r= 0.062; P=0.54 

Total Glutathione (ɛM) r=ï0.034; P=0.74 r= 0.003; P=0.98 r=ï0.19; P=0.07 r= 0.052; P=0.61 

Glutathione peroxidase  (U ml
-1
) r=ï0.065; P=0.52 r=ï0.23; P=0.02 r=ï0.058; P=0.58 r=ï0.106; P=0.30 

Glutathione reductase (U ml
-1
) r= 0.24; P=0.02 r=ï0.15; P=0.14 r= 0.10; P=0.32 r=ï0.11; P=0.26 

Superoxide dismutase (U ml
-1
) r=ï0.18; P=0.08 r=ï0.15; P=0.15 r=ï0.015; P=0.88 r= 0.018; P=0.86 

Catalase (U ml
-1
) r=ï0.11; P=0.26 r=ï0.012; P=0.91 r=ï0.085; P=0.42 r= 0.003; P=0.98 

GR-to-GPx ratio  r= 0.20; P=0.04 r=ï0.14; P=0.16 r= 0.11; P=0.31 r=ï0.084; P=0.41 

GPx-to-SOD ratio  r= 0.18; P=0.07 r= 0.034; P=0.74 r=ï0.027; P=0.80 r=ï0.069; P=0.50 

Cardiovascular variables 

Systolic blood pressure (mm Hg) r= 0.13; P=0.23 r=ï0.006; P=0.95 r= 0.27; P=0.007 r= 0.13; P=0.19 

Diastolic blood pressure (mm Hg) r= 0.062; P=0.55 r= 0.12; P=0.25 r= 0.16; P=0.13 r=ï0.050; P=0.63 

Pulse wave velocity (m s
-1
) r= 0.18; P=0.09 r= 0.079; P=0.44 r= 0.27; P=0.009 r= 0.12; P=0.23 
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Supplementary Figure 1 The interrelated role between ET-1, oxidative stress and anti-oxidant capacity during physiological and pathological conditions.  During normal physiological conditions, 

endothelin-1 secretion is low and the availability of nitric oxide is efficient in maintaining vascular tone. Endothelin-1 increase reactive oxygen species and vice versa, however, in some instances, 

such as stress, endothelin-1 receptors can mediate the formation of superoxide (O2
-) that decrease the biological activity of nitric oxide, forming ONOO-, shifting the balance toward 

vasoconstriction. In healthy vasculature, the increase in O2
- levels lead to the upregulation of glutathione reductase activity in an attempt to maintain the redox balance. Increased glutathione 

reduction activity can also activate endothelin-1 mediated NADPH oxidase to lower peroxidase levels though the activity of glutathione peroxidase to break down hydrogen peroxide (H2O2) into 

water and oxygen. During pathophysiological conditions, such as hypertension, increased endothelin-1 and increased reactive oxygen species levels leads to an increase in O2
- and H2O2 production, 

and in turn result in an up-regulation of glutathione reductase activity. Prolonged oxidative stress could lead to increased nitric oxide inactivation in these patients, thus resulting in excess 

peroxidase, causing endothelial damage, and eventually lead to diseases such as arteriosclerosis. However, in black premenopausal women, it is possible that the association between high-density 

lipoprotein cholesterol and endothelin-1, might have a protective counter-regulatory mechanism against oxidative stress, that was confirmed by an upregulation of both endothelin-1 and glutathione 

levels in this study. Although the black men and women in our population study did use anti-hypertensive medication, their blood pressure remained elevated, suggesting a possible vascular 

phenotype difference between black and white patients in their ability to maintain homeostasis.2, 10, 12, 16, 18, 29, 32, 34, 41, 49-53  
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Three-year change in endothelin-1 and markers of vascular 

remodeling in a bi-ethnic South African cohort: The SABPA study 
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ABSTRACT 

Background South Africans are at high risk for developing cardiovascular disease. Endothelin-1 is 

known for its vasoconstrictive properties and its ability to contribute to vascular structural changes. In this 

study we investigated the association of change in endothelin-1 levels and change in markers implicated 

in vascular remodeling after three years.  

 

Methods: Serum endothelin-1 levels and markers of vascular remodeling such as carotid intima media 

thickness, carotid cross-sectional wall area (CSWA) and arterial compliance were measured. Participants 

were divided into two groups according to an increase (n=185) and a decrease (n=152) in plasma 

endothelin-1 levels after three years.  

 

Results: In partial regression analysis, the extent of endothelin-1 increase correlated positively with a 

change in pulse pressure and inversely with the change in arterial compliance in the group with increased 

endothelin-1 levels after three years, whereas the extent of a decrease in endothelin-1 correlated inversely 

with a change in CSWA in the group with decreased endothelin-1 levels. In multiple regression analysis, 

after splitting for race, the increase in endothelin-1 levels associated positively with the change in pulse 

pressure (Adj. R
2
=0.092; ɓ=0.278; p=0.036). A borderline association exist between the extent of 

decrease in endothelin-1 and a lesser change in CSWA (Adj. R
2
=0.076; ɓ=ï0.201; p=0.054) in black 

participants only. The latter result disappeared after removing those using anti-hypertension medication.  

 

Conclusions: In black participants with increased endothelin-1 levels after three years, the positive 

association between endothelin-1 and pulse pressure suggest subclinical haemodynamic changes with 

potential premature onset of cardiovascular disease.  

 

Keywords: arterial stiffness, cross-sectional wall area, pulse pressure, endothelin-1, vascular remodeling 
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INTRODUCTION  

Vascular homeostasis is partially maintained by the endothelium through a variety of vasoconstrictive and 

vasodilator substances such as endothelin-1 (ET-1), nitric oxide and prostacyclin, acting locally in the 

blood vessel wall to protect the large arteries from adverse remodeling [1,2]. Although age is associated 

with an increase in luminal diameter and stiffening of the vessel wall, vascular remodeling may occur 

earlier in individuals predisposed to or at risk of premature hypertension, atherosclerosis and/or 

arteriosclerosis [3,4].  

 

ET-1 is known for the role it plays in the development of cardiovascular diseases by inducing vascular 

hypertrophy and increasing blood pressure as shown in experimental studies [3,5,6]. ET-1 secretion 

occurs abluminally towards the smooth muscles in the vascular wall, and plasma ET-1 levels are the 

result of a spill over into the bloodstream [7]. It has also been shown that ET-1 levels are modulated via 

oxidative stress [8]. Studies indicated that pathophysiological conditions such as hypertension and 

atherosclerosis are associated with increased plasma ET-1 levels [5,9-11]; whereas others found that 

plasma ET-1 levels are similar in normotensive and hypertensive individuals [12-15]. ET-1 levels 

contribute to decreased arterial compliance in patients with hypertension through increased elastin 

degradation [16] associated with decreased large vessel elasticity and increased pulse pressure [17]. 

Experimental [6,18] and human [19,20] studies found that ET-1 also participate in hypertrophic 

remodeling in hypertensive human and rat models indicated by a change in carotid intima-media 

thickness (CIMT) [19] and carotid cross-sectional wall area (CSWA) [6,18,20].  

 

In previous studies the association with early predictors of cardiovascular diseases suggests that ET-1 

could, together with other markers contribute to the development of cardiovascular disease over time [3, 

6]. To our knowledge, no study has investigated if an association of a change in ET-1 levels over time 

with markers of vascular remodeling exist. Therefore, we investigated the association of change in ET-1 

levels with the change of markers implicated in vascular remodeling including CIMT, CSWA and arterial 

compliance after three years in a bi-ethnic South African cohort.  
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MATERIALS AND METHODS  

Study population and protocol 

This study formed part of the Sympathetic activity and Ambulatory Blood Pressure in Africans (SABPA) 

study. Detailed information regarding the procedures of the SABPA study was published previously [21]. 

Exclusion criteria for baseline data collection of the SABPA study were pregnant or lactating women, 

individuals using alpha and beta blockers, participants with an ear temperature Ó37Á C and those who had 

a vaccination or donated blood 3 months or less prior to participation. At baseline, 409 black and white 

South Africans were included. The three year follow-up data collection had an 87.8% success rate and 

included 359 participants. In this study, we excluded participants who did not participate in the follow-up 

phase (n=48), those with missing data of main variables (n=14) and outliers of ET-1 levels by residual 

statistics (baseline: n=10; follow-up: n=0). The interactions between change in ET-1 levels, race and sex 

were determined (sex: F(337)=6.68, p=0.313; race: F(337)=0.76, p=0.326), but no significant interaction 

was observed. Additionally, a significant interaction of change in ET-1 levels on markers of vascular 

remodeling (systolic blood pressure: F(337)= 1.42; p=0.095; diastolic blood pressure: F(337)=5.05; 

p=0.025; pulse pressure: F(337)=27.24; p<0.001; arterial compliance: F(337)=4.93; p=0.027; CIMT: 

F(337)=71.87; p<0.001; CSWA: F(337)=127.24; p<0.001) was also tested, therefore the participants were 

stratified accordingly.The included participants were stratified according to an increase (n=185) or a 

decrease (n=152) in plasma ET-1 levels after three years. A standard health survey was used for the 

collection of demographic information, anti-hypertension medication and statin usage. All participants 

provided written informed consent. The Health Research Ethics Committee of the North-West University, 

Potchefstroom campus, granted approval for this study. The study protocol conformed to the ethical 

guidelines of the Declaration of Helsinki for the investigation of human subjects. 

 

Anthropometric measurements 

Body height and weight were measured with calibrated instruments (Invicta Stadiometer, IP 1465, 

London, UK; Precision Health Scale, A&D Company, Tokyo, Japan) while participants were in minimal 

clothing. Body mass index was calculated for each participant [22].  
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Biochemical analyses 

Fasting blood samples were collected from each participant and serum and plasma were prepared 

according to standard procedures. Procedures followed for quantitative analyses were the same for both 

baseline and follow-up. Serum and plasma samples were frozen at ï80° C until analysed. ET-1 was 

determined with a Quantikine enzyme linked immunosorbent assay (ELISA) (R&D Systems, 

Minneapolis, MN, USA). Intra assay variability for ET-1 was 2.7% and inter assay variability for ET-1 

was less than 18% for both baseline and follow-up data.  

 

Fasting lipids (total and high-density lipoprotein cholesterol), glycated haemoglobin A1c, C-reactive 

protein, gamma glutamyl transferase and creatinine were determined using two sequential multiple 

analysers at baseline (Konelab 20i, Thermo Scientific, Vantaa, Finland and Unicel DXC 800, Beckman 

and Coulter, Germany) and at follow-up the Integra 400 plus (Roche, Basel, Switzerland) was used. 

Serum cotinine was determined by using a homogenous immunoassay (Sarstedt®, Numbresht, Germany). 

Inter- and intra assay variability was less than 10%. 

 

One of the measurable reactive oxygen species, namely total peroxides, was determined in serum samples 

[23]. The EDTA plasma levels of glutathione reductase and glutathione peroxidase was determined with 

assay kits (Cayman Chemical Company, Ann Arbor, MI, USA) using the Synergy H4hybrid Microplate 

Reader BioTekWinooski, VT, USA). The intra and inter assay variability were less than 10% for baseline 

and follow-up data for these analyses. Glutathione reductase-to-glutathione peroxidase ratio (GR-to-GPx 

ratio) was calculated to assess antioxidant defenses. The modification of diet in renal disease (MDRD) 

formula was used to calculate estimated glomerular filtration rate (eGFR) from serum creatinine levels, 

age, sex, and ethnicity: eGFR = 175 * (standardized serum creatinine (mg/dL))
ï1.154 

* (age (years))
ï0.203 

* 

1.212 [if black] * 0.742 [if female] [24]. Estimated creatinine clearance was calculated by using the 

Cockcroft-Gault formula as follows: creatinine clearance (ml/min) = (140-age) x weight (kg) x 

constant/serum creatinine (ɛmol/L), where the constant for females are 1.23 and 1.04 for males [25]. 
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Cardiovascular measurements 

The Cardiotens (CE120, Meditech, Hungary) was used to record 24-hour ambulatory systolic and 

diastolic blood pressure, which were used to derive 24-hour pulse pressure. Participants with a systolic 

blood pressure Ó 135 mmHg and/or diastolic blood pressure Ó 85 mmHg were considered hypertensive 

[26]. The 24-hour blood pressure data were downloaded onto a database using the CardioVisions 1.9.0 

Personal Edition software.  

 

Mean resting arterial compliance (Windkessel compliance) was determined by the Finometer device 

(Finapres Medical Systems, Amsterdam, Netherlands). CIMT was measured using a SonoSite Micromaxx 

ultrasound system (SonoSite, Bothell, WA, USA) and a 6-13 MHz linear array transducer from at least 

two optimal angles of the left and right common carotid artery. Subsequently, the carotid CSWA was 

calculated with the formula: CSWA = ˊ(d/2 + CIMT)
2
 ï ˊ(d/2)

2
. Interpretations were made for both 

CIMT and carotid CSWA with a semi-automated program, the Artery Measurement Systems (AMS) II 

v1.139 (Chalmers University of Technology, Gothenburg, Sweden). 

 

Statistical analysis 

Statistical analyses were done using IBM
®
 SPSS

®
 Statistics version 23 (IBM Corp., Armonk, NY, USA, 

2016). Main effects of race and sex were tested for interactions on the association between ET-1 and 

vascular remodeling related markers by means of multiple regression analyses (sex: F(337)=6.68, 

p=0.313; race: F(337)=0.76, p=0.326). Participants with increased ET-1 levels at follow up were grouped 

together as ñET-1 increase after three yearsò, whereas participants that had a decrease in ET-1 levels from 

baseline to follow up were grouped together as ñET-1 decrease after three yearsò. The G*Power version 

3.1.9.2 software was used to compute the achieved power in post hoc analysis [27]. At a probability of 

0.05, medium effect size of 0.5 and two-tailed input method, the achieved power (1ïɓ error probability) 

was estimated at 99.99% in both groups. Dependent T-tests were used to compare means for continuous 

variables and cross-tabulation to compare proportions of dichotomous variables between the groups. 

Partial correlations were used to determine correlations of change in ET-1 with vascular remodeling 

related variables. Multivariate regression analyses were performed with increased or decreased change in 
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ET-1 levels as the main dependent variable and vascular remodeling related markers as independent 

variables.  

 

Sensitivity analyses 

Sensitivity analyses were applied for reactive oxygen species, GR-to-GPx ratio, hypertension status, 

eGFR, creatinine clearance, statin usage, and anti-hypertension usage, respectively by using multiple 

regression analyses. Due to an association between race and ET-1 in models, an additional multiple 

regression analysis was performed to determine the race in which the associations occurred. 

 

RESULTS 

Basic descriptive characteristics of this study population are listed in Table 1. In both groups (ET-1 

increase and ET-1 decrease after three years) body mass index, statin usage, pulse pressure, CIMT, and 

CSWA increased over time (all p<0.05), whereas reactive oxygen species, total cholesterol, high-density 

lipoprotein cholesterol and low-density lipoprotein cholesterol, decreased over time (all p<0.05). In the 

group with an increase in ET-1 levels, there was also a decrease in glutathione peroxidase activity 

(p=0.022), while in the group with a decrease in ET-1 levels, there was a decrease in gamma glutamyl 

transferase levels and arterial compliance (all p<0.05). 

 

In partial regression analysis with adjustments for age, body mass index, race and sex (Table 2), the 

extent of an increase in ET-1 correlated positively with a change in pulse pressure (r=0.168; p=0.041) and 

negatively with a change in arterial compliance (r=ï0.201; p=0.015) in the increased ET-1 level group. 

The extent of a decrease in ET-1 correlated negatively with a change in CSWA (r=ï0.171; p=0.022) in 

the decreased ET-1 levels group.  

 

In multiple regression analysis, we performed a separate model for each group (ET-1 increase and ET-1 

decrease after three years). Firstly, we investigated the association of increased ET-1 with a change in 

pulse pressure and a change in arterial compliance and established that the extent of an increase in ET-1 

levels associated positively with a change in pulse pressure (ɓ=0.171; p=0.033) and inversely with a 

change in arterial compliance (ɓ=ï0.170; p=0.045) in the increased ET-1 group (Supplementary Table 1). 
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Due to the significant association observed with race (pulse pressure: ɓ=0.200; p=0.022; arterial 

compliance: ɓ=0.230; p=0.009) (Supplementary Table 1), we divided the group according to black and 

white groups and performed the same multivariate regressions for pulse pressure (Table 3) and arterial 

compliance (Table 4) in the increased ET-1 group. The extent of an increase in ET-1 associated positively 

with a change in pulse pressure (ɓ=0.278; p=0.036) in the black participants only, while in the white 

participants the extent of increased ET-1 associated inversely with GR-to-GPx ratio (Table 4: ɓ=ï0.297; 

p=0.007; Table 5: ɓ=ï0.322; p=0.004) only. There was no association between increased ET-1 and 

change in arterial compliance in white or black participants (black: Adj. R
2
=0.074; ɓ=ï0.155; p=0.270; 

white: Adj. R
2
=0.120; ɓ=ï0.189; p=0.092). Secondly, we investigated the association of the decrease in 

ET-1 with a change in CSWA and found that the extent of decrease in ET-1 associated positively with a 

change in CSWA (ɓ=0.183; p=0.017), a change in high-density lipoprotein cholesterol (ɓ=0.147; 

p=0.049) and with race (ɓ=ï0.178; p=0.024) in the decreased ET-1 group (Supplementary Table 1). Since 

there was an association with race, we divided the decreased ET-1 group into black and white participants 

(Supplementary Table 2) and found that the extent of a decrease in ET-1 associated inversely with GR-to-

GPx ratio (Adj. R
2
=0.076; ɓ=ï0.234; p=0.022) in the black group only. 

 

Sensitivity analyses 

In sensitivity analysis, our results remained unchanged after sensitivity analyses were performed for 

hypertension status, statin usage and anti-hypertension medication (data not shown). However, when 

excluding participants on anti-hypertension medication (blacks: n=43 (43.4%); whites: n=16 (18.6%)), an 

inverse association existed between a decrease in ET-1 and CSWA (Adj. R
2
=0.054; ɓ=ï0.127; p=0.046) 

in the white group only. The same trend was observed after excluding those using statins (blacks: n=3 

(3.03%); whites: n=21 (24.4%)), with an inverse association between a decrease in ET-1 and CSWA 

(Adj. R
2
=0.049; ɓ=ï0.104; p=0.030) in the white group only. Additionally, sensitivity for change in 

eGFR and change in creatinine clearance was also tested to investigate the association between ET-1 with 

markers of renal function, but the results remained unchanged (data not shown) even after excluding 

participants using anti-hypertension medication and statins. 
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Table 1: Population characteristics of baseline and three years follow-up stratified by an increase and decrease in endothelin-1 levels 

 ET-1 decrease after three years (n=185) ET-1 increase after three years (n=152) 

 Baseline Follow-up p-value Baseline Follow-up p-value 

Age (years) 45.0 ± 0.66 48.0 ± 0.66 ï 46.2 ± 0.69 49.2 ± 0.69 ï 

Race, black, n (%)   99 (53.5)  99 (53.5) ï 67(44.1) 67(44.1) ï 

          white, n (%) 86 (46.5) 86 (46.5) ï 85 (55.9) 85 (55.9) ï 

Sex, men, n (%) 105 (56.8) 105 (56.8) ï 69 (45.4) 69 (45.4) ï 

        women, n (%) 80 (43.2) 80 (43.2) ï 83 (54.6) 83 (54.6) ï 

Body mass index  (kg/m2) 28.7 ± 0.47 29.6 ± 0.49 <0.001 28.9 ± 0.45 29.8 ± 0.47 <0.001 

Hypertension status, n (%) 117 (63.2) 111 (60.0) 0.274 92 (60.5) 88 (57.9) 0.656 

Anti-hypertension drug usage, n (%) 54 (29.2) 55 (29.7) 0.862 30 (19.7) 37 (24.3) 0.238 

Statins usage, n (%) 7 (3.8) 17 (9.2) 0.012 4 (2.6) 17 (11.2) <0.001 

Biochemical variables 

Endothelin-1 (pg/mL) 2.49 ± 0.06 1.66 ± 0.04 <0.001 1.61 ± 0.06 2.52 ± 0.07 <0.001 

Reactive oxygen species (Units*) 91.7 ± 23.5 84.1 ± 24.7 <0.001 91.7 ± 27.5 75.9 ± 22.2 <0.001 

C-reactive protein (mg/L) 6.00 ± 0.67 4.62 ± 0.62 0.071 4.82 ± 0.50 4.19 ± 0.71 0.396 

Gamma glutamyl transferase (U/L) 53.4 ± 5.66 46.3 ± 4.97 0.028 41.2 ± 4.48 41.6 ± 4.87 0.934 

Glutathione reductase (U/mL) 6.53 ± 0.52 6.37 ± 0.77 0.853 5.40 ± 0.27 6.24 ± 0.98 0.427 

Glutathione peroxidase (U/mL) 34.1 ± 0.89 35.3 ± 0.92 0.389 36.2 ± 0.87 33.0 ± 0.85 0.022 

GR-to-GPx ratio 0.25 ± 0.03 0.19 ± 0.02 0.073 0.17 ± 0.01 0.19 ± 0.03 0.479 

Cotinine (ng/mL) 29.9 ± 6.21 32.2 ± 7.00 0.577 19.0 ± 4.29 18.1 ± 4.40 0.754 

Total cholesterol (mmol/L) 5.16 ± 0.10 4.40 ± 0.08 <0.001 5.12 ± 0.11 4.49 ± 0.08 <0.001 

High-density lipoprotein cholesterol (mmol/L) 1.17 ± 0.03 0.98 ± 0.02 <0.001 1.17 ± 0.03 1.09 ± 0.03 <0.001 

Low-density lipoprotein cholesterol (mmol/L) 3.35 ± 1.17 2.80 ± 0.89 <0.001 3.37 ± 1.10 2.87 ± 0.89 <0.001 

Cardiovascular variables 

Systolic blood pressure (mmHg) 129.8 ± 1.10 130.6 ± 1.25 0.301 127.5 ± 1.18 127.5 ± 1.19 0.988 

Diastolic blood pressure (mmHg) 81.7 ± 0.75 80.9 ± 0.82 0.171 79.3 ± 0.81 78.2 ± 0.78 0.063 

Pulse pressure (mmHg) 48.1 ± 0.56 49.7 ± 0.65 0.001 48.2 ± 0.65 49.3 ± 0.68 0.030 

Arterial compliance (mL/mmHg) 1.98 ± 0.04 1.93 ± 0.04 0.042 1.94 ± 0.04 1.95 ± 0.04 0.871 

Carotid intima media thickness (mm) 0.67 ± 0.01 0.69 ± 0.01 0.004 0.67 ± 0.01 0.70 ± 0.01 <0.001 

Cross-sectional wall area (mm2) 13.9 ± 0.28 14.6 ± 0.27 <0.001 13.2 ± 0.37 14.8 ± 0.32 <0.001 

Values are arithmetic mean ± standard deviation. Abbreviations: ET-1 ï endothelin-1; GR-to-GPx ratio ï Glutathione reductase-to-glutathione peroxidase ratio. *1 Unit=1mg/L H2O2.
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Table 2: Partial correlations of the change in endothelin-1 levels and change in main independent variables after three years  

Adjustments applied for age, body mass index, race and sex. Abbreviations: ET-1 ï endothelin-1.  

 

 ET-1 change (pg/mL) 

 
ET-1 decrease after three years  

(n=185) 

ET-1 increase after three years  

(n=152) 

Ambulatory systolic blood pressure (mmHg) r=ï0.029; p=0.702 r=0.153; p=0.063 

Ambulatory diastolic blood pressure (mmHg) r=ï0.055; p=0.464 r=0.099; p=0.234 

Ambulatory pulse pressure (mmHg) r=0.004; p=0.955 r=0.168; p=0.041 

Arterial compliance (mL/mmHg) r=ï0.006; p=0.941 r=ï0.201; p=0.015 

Carotid intima media thickness (mm) r=ï0.108; p=0.153 r=ï0.062; p=0.463 

Cross-sectional wall area (mm
2
) r=ï0.171; p=0.022 r=0.006; p=0.945 
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Table 3: Forward stepwise multiple regression analysis of change in endothelin-1 levels and change in markers of vascular remodeling (pulse pressure) with an 

increase in endothelin-1 after three years  

Adjusted for race, sex, follow-up data for age, body mass index, C-reactive protein, glutathione reductase to glutathione peroxidase ratio and change in high-

density lipoprotein cholesterol after three years.  Abbreviations: ET-1 ï endothelin-1; GR-to-GPx ratio ï Glutathione reductase-to-glutathione peroxidase ratio.  

 

  

 ET-1 increase after three years 

 ET-1 change (pg/mL) 

 Black participants (n = 65) White participants (n = 83) 

Adjusted R
2
 0.092 0.072 

 Beta (95% CI) p-value Beta (95% CI) p-value 

Pulse pressure change (mmHg) 0.278 (0.020 to 0.536) 0.036 0.151 (ï0.066 to 0.368) 0.170 

GR-to-GPx ratio ï0.140 (ï1.549 to 0.425) 0.259 ï0.297 (ï0.908 to ï0.147) 0.007 


















































































